


Learning Objectives 


At the end of this chapter the students will be able to! 
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Understand what is Physics. 
Understand that all physical quantities consist of a numerical magnitude and a unit, 
Recall the following base quantities and their units; mass (kg), length (m), time (s), 
‘Gurrent (A), temperature (Kk), luminous intensity (cd) and amount of substance (mol). 
Describe and use base-units, supplementary units, and derived units. 
Understand and use the sclentific notation, 
Use the standard prefixes and their symbols to indicate decimal sub-multiples or 
multiples to both base and derived units: aa 
Understand and use the conventions for indicating units. 
Understand the distinction between systematic errors and random errors. 
Understand and use the significant figures. 


10. Understand the distinction between precision and accuracy, — 
11. Assess the uncertainty in a derived quantity by simple addition of actual, fractional 


or percentage uncertainties 


12. Quote answers with correct scientific notation, number of significant figures and 


units in-all numerical and practical work. 


13. ‘Use dimensionality to check the homogeneity of physical equations, 


14. 


Derive formulae in simple cases using dimensions. 


BB eince Man has started to observe, think and reason he has been wondering about 

the world around him. He tried to find ways to organize the disorder prevailing in the observed 

facts about the natural phenomena and material things In an orderly manner. His attempts 

resulted in the birth of a single discipline of sciences, called natural philosophy. There was a 
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huge increase in the volume of scientific knowiedge up till the 
beginning of nineteenth century and it was found necessary 
to classify the study of nature into two branches, the 
biological sciences which deal with living things and physical 
sciences which concem with non-living things. Physics is an 
impartant and basic part of physical sciences besides its 
other disciplines such as chemistry, astronomy, geology etc. 
Physics is an experimental science and the scientific method 
emphasizes the need of accurate measurement of vanous - 
measurable features of different phenomena or of man made 
abjects, This chapter emphasizes the need of thorough 
understanding and practice of measuring techniques and 
recording skills. 

At the present time, there are three main frontiers of 
fundamental science. First, the world of the extremely large, 
the universe itself, Radio telescopes now gather information 
from the far side of the universe and have recently detected, 
as radio waves, the “firelight” of the big bang which probably 
started off the expanding universe nearly 20 billion years 
ago. Second, the world of the extremely smail, that of the 
particles such as, electrons, protons, neutrons, mesons and 

| The third frontier is the world of complex matter. It is 
also the World of “middie-sized" things, from molecules al 
one extreme to’ the Earth at the other. This is all 
fundamental physics, which |s the heart of science. 
But what is physics? According to one definition, physics 
deals with the study of matter and energy and the 
relationship between them. The sludy of physics involves 
investigating such things as the laws of motion, the structure 
of space and time, the nature and type of forces that hold 
different materials together, the interaction between different 
particles, the Interaction of electromagnetic radiation with 
matter and soon. 


By the end of 19" century many physicists started believing 
that every thing about physics has been discovered. 
However, about the beginning of the twentieth century many 
naw experimental facts revealed that the laws formulated by 
the previous investigators need modifications. Further — 
researches gave birth to many new disciplines in physics 
guch as nuclear physics which deals with atomic nuclei, 
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_ The measurement of a base quantity iioines two'stepe: first, 
the choice of a standard, and second, the establishmentof a 
procedure for comparing the quantity to be measured with 
the standard so that a number and a unit are determined as 
the measure of that quantity, 


An ideal standard has two principal characteristics: it is 
‘accessible and it is invariable. These two requirements are 
ee as ee eee i 
between them. 


In 1960, an Intemational committee agreed on a set of 
| definitions and standard to describe the physical 
quantities. The system that was established |s called the 
System International (SI). 


Due to the simplicity and convenience with which the units 
in this system are amenable to arithmetical manipulation, it 
is in universal use by the world’s scientific community and 
by most nations. The system international (SI) |s built up 

from three kinds of units: base units, supplementary: unite: 
and a benved units. 





There are seven basa units for various physical quantities 
namely: length, mass, time, temperature, electric current, 
luminous intensity and amount of a substance (with special 
reference to the number of particles), 


= bie is 


The: names of base units for these physical quentities 
together with symbols are listed in Table 1.1. Their 
standard definitions are given in the Appendix 1, 


\] 





The General Conference on Weights and Measures has not 
yat classified certain units of the S! under either base units 
or derived units. These Si units are called supplementary 
units. For the time being this class contains only two units of 
purely geometrical quantities, which are plane angle and the 
solid angle (Table1.2). 


particle physics which is concemed with the ultimate particles 
of which the matter is composed, relativistic mechanics which 


deals with velocities approaching that of light and solid state 

physics which is concemed with the structure and properties 

of solids, but this list is by no means exhaustive. 

Physics is most fundamental of all sciences and provides 

other branches of science, basic principles and fundamental 

laws, This overlapping of physics and other fields gave birth 

to new branches such as physical chemistry, biophysics, 

astrophysics, health physics etc. Physics also plays an 

important role in the development of technology and 

engineering. | 
(Distanoa 

im) 


Science and technology are a potent force for change in 
the outlook of mankind. The information media and fast 
means of communications have brought all parts of the 
world in close contact with one another. Events in one part 
of the world immediately reverberate round the globe. 


We are living in the age of information technology. The 
computer networks are products of chips developed from 
the basic ideas of physics. The chips are made of silicon. 
Silicon can be obtained from sand. It is upto us whether we 
make a sandcastle or a computer oul of it. 
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The foundation of physics rests upon physical quantities in SH of an atorn 

terms of which the laws of physics are expressed. 

Therefore, these quantities have to be measured accurately, 108 ¢ sn, sl 

Among these are mass, length, time, velocity, force, density, 

temperature, electric current, and numerous others. Ses eat 
ios Distance bo the 

Physical quantities are offen divided into two categories: ae ea te 

base quantities and derived quantities. Derived quantities © rearest star 

are those whose definitions are based on other physical si Cen, 

quantities. Velocity, acceleration and force etc. are usually 

viewed as derived quantities. Base quantities are not anak pl lg 


defined in terms of other physical quantities. The base 
quantities are the minimum number of those physical 
quantities in terms of which other physical quantities can 
be defined. Typical examples of base quantities are length, 
mass and time, 





Radian ~ 

The radian isthe plane angle between two radi of cco 
which cut off on the circumference an arc, equal in length 
to the radius, as shown in Fig. 1.1 {a}. 


Steradian 
The steradian is the solid angle (three-dimensional angle) 


subtended at the centre of a sphere by an area of its surface 


equal to the square of radius of the sphere. (Fig. 1.1 b), 





S$! un r measuring all other physical quantities are 
derived from the base and supplemeritary units. Some of 
the derived units are given in Table, fy Pee Tee 


: ssed in standard form called scientific 
AckatGe, which employs powers of ten. The intemationally 
accepted practice fs that there should be only one non- 
zero digit left of decimal. Thus, the number 134.7 should 
eesxio® as 1.347 x 10° and 0.0023 should be expressed 

as 2.3x 10°, 





Use of S| ine Nea care, more particularly iq 


writing prefixes. 
Following points should be kept in mind while using units. 


(l) Full name of the unit does pot begin with a capital 
letter even if named after a scientist ¢.9.,newton. 
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Figg 4,40) 


(i) The symbol of unit named after a scientist has. 
initial capital letter suchas N for newton, : 


(i) The prefix should be written before the unit without 
any space, such as 1 x 10° m |s written as 1 mm. 
Standard prefixes are given in table 1.4. 


(v) A combination of base units is written each with 
one space apart. For example, newton metre is 
written as Nom. 


_ Ww Compound prefixes are not allowed. For example. 
ipUF may be written as 1pF. . 


(vi)  Anumber such as 5.0 x 10° om may be express 
in scientific notation as S.0x 10°m. 


(vi) When a multiple of a base unit is raised to.a power, 
the power applies to the whole multiple and not the 
base unit alone. Thus, 1 km? = 1 (km)' = 1x 10° my, 


(vi) Measurement in practical work should be recorded 
immediately in the most convenient unit, €.g., 
micrometer screw gauge measurement in mm, and 
the mass of calorimeter in grams (g). But before 
calculation for the result, all measurements must be 
converted to the appropriate S! base units, 

All physical measurements are uncertain or imprecise to 

some extent. It is very difficult to eliminate all possible errors 

or uncertainties in a measurement. The error may occur due 
to (1) negligence or inexperience of a person (2) the faulty 
apparatus (3) inappropriate method or technique. The 
uncertainty may occur due to inadequacy or limitation of an 
instrument, natural variations of the object being measured 
or natural imperfections of a person's senses. However, the 

uncertainty is also usually described as an error in a 

measurement. There are two major types of errors. 


(!) Random error (il) Systematic error 


Random error is said to occur when repeated 
measurements of the quantity, give different values under 





"© division. In case the end of the line seems to be touching 


the same conditions. It is due to same unknown causes. 
Repeating the measurement several times and taking an 
average can reduce the effect of random errors. 


Systematic error refers to an effect that influences all 
measurements of a particular quantity equally, Nt produces 
a consistent difference in readings. It occurs to some 
definite rule. It may occur due to zero error of instruments, 
poor calibration of instruments or incorrect markings etc. 
Systematic @ttor can be reduced by Sei the 
instruments with another which Is known to be more 
accurate. Thus for systematic error, a correction factor can 
be applied, 


As stated earlier physics is based on measurements. But 
unfortunately whenever a physica! quantity is measured, 
there is inevitably some uncertainty about its: determined 
value. This uncertainty may be due to a number of 
reasons. One reason is the type of instrument, being used, 
We know that every measuring instrument is calibrated to 
@ certain smallest division and this fact put a limit to the 
degree of accuracy which may be achieved while 
measuring with it, Suppose that we want to measure the 
of @ straight line with the help of @ metre rod 
calibrated in millimetres. Let the end point of the line lies 
between 10.3 and 10.4 cm marks: By convention, if the end 
of the line does not touch or cross the midpaint of the 
smallest division, the reading is confined to the previous 





let coed the midpoint, the reading is extended to 


By applying the above rule the position of the edge of a line 
recorded as 12.7 cm with the help of a metre rod calibrated 
in millimetres may lie between 12.65 cm and 12.75 cm. 
Thus in this example the maximum uncertainty is + 0.05 cm. 
itis, in fact, equivaient to an uncertainty of 0.1 cm equal to 
the least count of the instrument divided into two parts, half 
above and half below the recorded reading. \ 


The uncertainty or accuracy in the yalue of a measured 
quantity can be indicated conveniently by using significant 
figures, The recorded value of the length of the straight line 





ie. 12.7 cm contains three digits (1, 2, 7) out of which two 
digits (1 and 2) are accurately. known while the third digit 
Le. 7 ls a doubtful one. As a rule: 





In other words, a significant figure ls the one which Is 
known to be reasonably reliable. If the above mentioned 
measurement is taken by a better measuring instrument 
which is exact upto a hundredth of a centimetre, it would 
have been recorded as 12.70 cm. In this case, the number 
of significant figures is four, Thus, we can say that as we 
improve the quality of our measuring instrument ang 
techniques, we extend the measured result to more and 
more significant figures and correspondingly imprave the 
experimental accuracy of the result. While calculating a 
result from the measurements, it is important to give dué 
attention to significant figuras and we must know the 
following rules in deciding how many significant figures. 
are to be retained in the final result, 


(l) All digits 1,2,3,4,5,6,7,8\9 are significant. However, 
zeros may or may not be significant. In case of 
zeros, the following rules may be adopted. 


a) A zero between two: significant figures is itself 
significant, 

b) Zeros to the left of significant figures are not 
significant, For example, none of the zeros in 
0.00467 or 02.59 is significant. 


¢) Zeros to the right of a significant figure.may or 
may not be significant. In decimal fraction, 
zeros to the right of a significant figure are 
significant, For example, all the zeros in 3.570 
or 7.4000 are significant. However, in integers 
such as-8,000 kg, the. number of significant: 
zeros is determined by the accuracy of the 
measuring instrument. If the measuring scale 
has a least count of i kg then there are. four 
significant figures written in scientific notation 


as 8.000 x 10° kg, If the least count of the scale 
is 10 kg, then the number of significant figures 
will be 3 written in scientific notation as. 
8.00 x 10° kg and so on. 


d) When a measurement |s recorded in scientific 
notation or standard form, the figures other than 
the: pee ae are significant figures. 

For example, a measurement recorded as 
8.70 x 10° kg has three significant figures. 


(ii) in multiplying or dividing numbers, keep a number 
of significant figures in the product or quotient not 
more than that contained in the least accurate 
factor |... the factor containing the Jeast number of 
significant figures. For example, the computation of 
the following using a calculator, gives 


5.348 x10" x 3.64 x10" s. 5 


As the factor 3.64 x 10°, the least accurate in the above 
calculation has three significant figures, the answer should 
be written to three significant figures. only. The other 
figures are insignificant and should be deleted. While 
deleting the figures, the last significant figure to be retained 
is rounded off for which the following rules are followed. 


a) If the first digit dropped is less than 5, the last digit Sz 
retained should remain unchanged. 


b) If the first digit dropped Is more than 5, the digit to be 
retained, is increased by one. 


c) !f the digit to be dropped Is 5, the previous digit which 

js to be retained is increased by one {fit is.odd and 
retained as such if it is even, For example, the 
following numbers are rounded off to three significant 
figures as follows. The digits are deleted one by one. 





43.75 is rounded off as 43.8 
56.8546 isroundedoffas 56.8 
73.650 is rounded off as. 73.6 
64,350 is rounded off as 64.4 


o 


Following this rule, the correct answer of the computation 
given in section (il) is 1.46% 10°. 


fli) In adding or subtracting numbers, the number of 
decimal places retained in the answer should equal 
the smallest number of decimal places in any of the 
quantities being added or subtracted. In this case, 
the number of significant figures Is not important. It 
is the position of decimal that matters. For example, 
suppose we wish to add the following quantities 
expressed in metres. 


\) 72.1 ii) 2. AS 
3.42 4.10 
0.003 1.273 
75.523 8.1273 
Correct answer: 755m 8.13 m 


in case (i) the number 72.1 has the smallest number of 
decimal places, thus the answer is rounded off lo the same. 
position which is then 75.5 m.|In case (ii), the number4.10 has 
the smallest numberof decimal places and hence, the answer 
ig rounded off to the same decimal positions which is 
then 813m, 


| In measurements made in physics, the terms precision 

‘and accuracy are frequently used. They should be 
distinguished clearly. The precision of a measurement is 
determined by the instrument or device being used and the 
accuracy of a measurement depends on the fractional or 
percentage uncertainty in that measurement. 


For example, when the length of an object is recorded as 
25.5cm by using a metre rod having smallest division in 
millimetre, it is the difference of two readings of the initial 
and final positions. The uncertainty in the single reading as 
discussed before is taken as = 0.05 cm which is now 
doubled and is called absolute uncertainty equal to 
+0.1cm. Absolute uncertainty, in fact, is equal to the least 
count of the measuring instrument. 





Precision or absolute uncertainty (ieast count) =+0.1 om 


0-1om 





Fractional uncertainty = Srece eon 
Percentage uncenainty = O = 100 = o:4% 
25) Obit 


Another measurement taken by vernter callipers with feast 
count as 0.01 cm is recorded as ‘0.45 cm. It has 


Precision or absolute uncertainty (least count) = + 0.01 cm 


0.01em 
= 1 4 tena hs Si a oe — 
ractional uncertainty rope ree 0.02 
Paroentage uncertainty = 2 jem. 100 = 90% 





Thus the reading 25.5 em taken by metre rule is although 
less orecise but is more accurate having less percentage 
uncertainty or error. 


Whereas the reading 0.45 cm taken by vemier callipers 
is more precise bul is less accurate. In fact, it is the 
relative measurement which is important. The smaller a 
physical quantity, the more precise instrument should be 
used. Here the measurement 0.45 cm demands that a 
mare precise instrument, such as micrometre scraw 
gauge, with least count 0.001cm, should have been 
used. Hence, we can conclude that: 








To assess the total uncertainty or error, it is nécessary to 
evaluate the likely uncertainties in all the factors involved in 
that calculation. The maximum possible uncertainty or 
error in the final result can be found as follows. The proofs 
of these rules are givan in Appendix 2. 


ll 
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Absolute uncertainties are added: For example, the 
distance x determined by the difference between two 
separate position measuraments 


4=10.5 20.1 cm and x, = 26.8 + 0.1 cm Is recorded as 


X= 2-4, = 16.3 20.2 om 


2. For multiplication and division 





Percentage uncertainties are added. For example the 
maximum possible uncanainty in the value of resistance R 
of a conductor determined from the measurements of 
potential difference V and resulting current flow / by using 
R= V/ 1 is found as follows: 





V= 520.1 V 

1= 0.84 40,054 
The Sage uncertaintytfor Vis = rh *% 100 = about 2% 
The ‘sage unceriainty for 7 is = Fark x 100 = ahoul 6% 


Hence total uncertainty in the value of resistance R when V 
is divided by J is 8%. The result is thus quoted as 


R = 22° = 6.49 VA" = 6.19 ohms with a % age 
are uncertainty of 8% 
that is R=6.22 0.5 onms 


The result is rounded off to two significant digits because 
both V and A have two significant figures and uncertainty, 
being an estimate only, is recorded by one significant 
figure. , 





4: For power factor 


Multiply the percentage uncertainty by that power, For 
example, in the calculation of the volume ofa sphere using 


4 
V= — 
"hage uncertainty in V= 3 x % age uncertainty in radius r 


As uncertainty is multiplied by power factor, It increases the 
precision demand of measurement. If the radius ofa small 
sphere is measured as 2.25 cm by a vernier callipers with 
jeast count 0.01 cm, then 


the radius ris recorded as 
r= 2.26 +0.01 cm 
Absolute uncertainty = Least count = + 0.01 om 


a ren oe Rae 
age uncertainty In r= —S- x aa 0.4% 
Total percentage uncertainty in V=3x 0-4 = 1.2% 
Thus volume = + he 


=o «3.14% (2.25.0m) 


= 47.689 cm? with 1.2% uncertainty 
Thus the result should be recorded as 
247.7 4.0.6 om 


| many measurements. 
(i) Find the average value of measured values. 
{il) Find deviation of gach measured value from the 
average value, — 
(ii) The mean deviation is the unceriainty In the 
average value. 
For example, the six readings of the micrometer 
screw gauge to measure the diameter of a wire in 
mm are 


4.20,1.22, 7:23, 1.79, 1:22,7.21. 
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Then — Average = cou ae alae 
ROR NI Kt = 1.21 mm 
ba The deviation of the readings, which are the difference. 


without regards to the sign, between each reading and 
average value are 0.01, 0.01,-0.02, 0.02, 007,00; — 


= 


= 0.01 mm 
Heep ET yon es 1.21 mm is 
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number of vibrations. For example, the time of 30 
vibrations of a simple pendulum recorded by. a ste 
Seperate. unm ong tent of & second is 54.6 s, the period 


Bios 






T= ASS — 4 82 with uncertainty 218 = 0,003 s 


Thus, period Tis quoted as T= 1.82 + 0.003 s 


Hence, it is advisable to count large gas Ral ch 
reduce timing uncertainty, 
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Each base quantity is considered a dimension denoted by 
a specific symbol written within square brackets. it stands 
for the qualitative nature of the physical quantity, For 


_ example, different quantities such as length, breadth, 
diameter, 


light year which are measured in metre denote 
the same dimension and has the dimension of length [ L ]. 
Similarly the mass and time dimensions are denoted by 
[M] and eh bongs Other quantities that we 
measure have are combinations of these 
dimensions. Reali lot speed Is measured in metres 
per second. This will obviously have the dimensions of 
length divided by time. Hence we can write, 


Dimensions: of speed = Dunentlon ont 


tvy= Ul etetl= =[lT>] 


Similarly the dimensions of acceleration are 
[a}=[L][T*]=[L7*) 
and that of force are 
LFl={m][a}=(M][LT*]=(Mtr4 
Using the method of dimensions called the dimensional 


analysis, we can check the correctness of a given formula 
ofan equation and can also derive it. Dimensional analysis 


Lo 


makes usa of the fact thal expression of the dimensions 
can be manipulated as algebraic quantities. 


1 ine nomogene 





In order to check the correctness of.an equation, we are to 
show that ihe dimensions of the quantifies on both sides of 
the equation are the same, irrespective of the form of the 
formula. This is called the principle of homogensity of 
dimensians, 


Example 1.4: Check the correctness of the relation 
v= rx where v is the speed of transverse wave-on a 
Stretched string of tension F, length / and mass 17. 
Solution: 

Dimensions of L.H:S. of the equation={v]= | LT} 


Dimensions of R.H.S. of the equation = ([F] x {f)x{nv'])"* 


=([MLT xb] xt = (eT =f | 


Since the dimensions of both sides of the equation are the 
same, equation is dimensionally correct, 






fil) Deriving a possible formula 

The success of this’ method for deriving a relation for a 
physical quantity depends on the correct guessing of 
various factors on which the physical quantity depends. 


Example 1.5: Derive a relation for the time period of a 
simple pendulum (Fig..1.2) using dimensional analysis. The 
various possible factors on which the.time period T may 
depend are : 


i} Length of the pendulum (/) 

li) Mass of the bob (im) 

lit) Angle 6 which the thread makes with the vertical 
iv) Acceleration due to gravity (9) 


Vi 





4, 





pendivium clock practical 


Solution: 
The relation for the time period T will be of the form 
Txm' x!" x ox g? 

or T = constant m7" 6° g* Seat ahaa OEE 
where we have tofind the values of powers a, b, cand d. 
Writing. ihe dimensions of both sides we get 

{ T)=constantxf|MP(LPELLe yer ?y 
Comparing the dimensions on both sides we have 


Ls ig Will ea 
[MP=[My} 
eParere= 
Equating powers on both the sides we get 
nh a pa 
“20d = 1 or d 5 
a=0 and b+d=0 
or bade 5 and = @=[LL"f=[L°=1 


Substituting the values of a, b, 8 and d in Eq. 1.1 
T= constant x mx! *x 1x9 


Or T= constant fe 


The numerical value of the constant cannot be determined 
by dimensional analysis, however, it can be found by 
expernments. 


Example 1.6: Find the dimensions and hence, the Si 
units of coefficient of viscosity n in the relation of Stokes’ 
law for the drag force F for a spherical object of radius r 
moving with velocity vgivenas F=6 mrv 


Solution: 6xis a number having no dimensions, It is not 
accounted in dimensional analysis. Then 
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12 
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Name several repetitive phenomenon occurring in nature which could serve as 
reasonable time siandards. 


Give the drawbacks to use the period of a pendulum as a time standard, 
Why do we find it useful to have two units forthe amount of substance, the 
kilogram and the mole? : 


Three students measured the length of a needle with a scale on which minimum 
division is Imm and recorded as (i) 0.2745 m, (li) 0.21 m (iii) 0.214m. Whichrecord 
is correct and why? 


An old saying is thal “A chain is only as strong as its weakest link”, What 
analogous statement can you make regarding is ileal data used in a 
computation? 


The period of simple pendulum is measured by a stop watch. What type of errors 
are possible In the time period? 


Does a dimensional analysis give any information on constant of proportionality 
thal may appear in an algebraic expression? Expiain. 


Write the dimensions of (i) Pressure (ii) Density 


The wavelength ) of a wave depends on the speed v of the wave and its frequency 
f. Knowing that 


(AJ=[ 4), (vl=[L 77] and [f]={T"] 
Decide which of the following is correct, f=vi or f= = 





A light year is the distance light travels in one year. How many metres are there in 
one light year: (speed of light =3.0 x 10° ms"). 


(Ans; 9.5 x 10"°m) 
a) How many seconds-are there in 1 year? 
b) How many nanoseconds in 1 year? 
c) How many years in 1 second? 
fAns. (a) 3.1596 10's, (b) 3.1536% 10"hs (€). 3.1» 10° yr] 


The length and width of a rectangular plate are measured to be 15.3 cm and 12.80 cm, 
respectively. Find the area of the plate. 


(Ans: 196 cm") 








At the end of this chapter the students will be able to: 


= 
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Understand and use rectangular coordinate system, "he | . 


“Understand the idea of unit vector, nul vector and position vector 


nts Soe gies oe 





sshdasonl  mutipiestion of vectors: and solve problems. 


Define the moment of foree or torque, 


_ Appreciate the use of the torque bniseek 

‘Show an understanding ‘that when there Is no resuitant foros and no resultant 
torque, a-aysietn WH exullbrutn, ; 

Appreciate the applications of the principle of moments. — : 
Apply the knowledge gained to solve problems on statics. 


Pp hysical quantities that have both numerical and directional properties are called 


vectors. This chapter is concerned with the vector algebra and its applications in problems 
of equilibrium of forces and equilibrium of torques. 








(i) Vectors ) 


As we have studied in school physics, there are some physical quantitles which require 
both magnitude-and direction for their complete description, such as. velocity, acceleration 
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-and force. They are called vectors. In books, vectors are 
usually denoted by bold face characters such as A, d, r and. 
ke in handwriting, we pul an arrowhead over the letter 
Ch eoree only to the magnitude of a vector d- 
We usa light face type such aad 
A vector is represented graphitally by a directed line 
segment with an arrowhead. The length of the line 
segment, according to a chosen scale, corresponds to 
the magnitude of the vector. 





Two reference lines drawn at right angles to each other 
as shown in Fig. 2.1 (a) are known as coordinate axes and 
their point of intersection is known as origin. This system 
of coordinate axes is called Cartesian or rectanguiar 
coordinate system. 


‘One of the lines is named as x-axis, and the other the y- 
axis. Usually the x-axis is taken as the horizontal axis, with 
the positive direction to the right, and the y-axis as the 
vertical axis with the positive direction upward. 


The direction of a vector in a plane is denoted by the angle 
which the representative line of the vector makes with 
positive x-axis in the anti-clock wise direction, as shown in 
Fig 2.1 (b). The point P shown in Fig 2.1 (b) has 
coordinates (a,b). This notation means that if we start al 
the origin, we can reach P by moving ‘al units along the 
positive x-axis and then ‘b’ units along the positive y-axis. 


The direction of a vector in space requires another axis 
which is at right angle to both x and y-axes, as shown in 
Fig 2.2 (a), The third axis is called z-axis, 


The direction ofa vector in space is specified by the three 
angles which the representative line of the vector makes 
with x, y and z axes respectively as shown In Fig 2.2 (b). 
The point P of a vector A Is thus denoted by three 
coordinates (5, b, c). 





Given two vectors A and B as shown in Fig 2.3 (a), their sum 
is obtained by drawing their representative lines in such a 
way that tail of vector B coincides with the head of the vector 
A. Now if we join the tail of A to the head of B, as shown in 


aa 





rapresent the vector sum (A+8) in magnitude and direcbon. 
The vestor-sum Is also called resultant and ts indicated by R. 
Thus R= A+B. This is known as head to tall rule of vector 
= —— addition. This rule can be extended to find the sum of any. 
number of vectors. Similarly the sum B + A is illustrated by 
black ines in Fig 2.3 (c). The answer is Same resultant R as 
indicated by the red line. Therefore, we can say that 


UR DATE BA ae eGen 


So the vector addition is said to be commutative. tt means 
that when vectors are added, the result is the same for any 
order of addition. 


_ the Fig, 2.3(b), the line joining the tailaf A to the head of B will 
& 
Ng : 








er a rourteret vectors of the same kind—foree 
vectors for example, is that single vector which would have 
the same effects as all the. Nabe veotors taken tagether. 





The subtraction ola vector is equivalent to the addition of 
the same vector with its direction reversed. Thus, to 
sublract vector B from vector A, reverse the direction of B 
and add it to A, as shown in Fig. 2.5 (d). 


A-B=A+(-B) where (-B) is negative sac B 





i fi iL if a VE ctor by a Sic 
-A The product of 2 vector A and a number n > 0 is defined 


to be a new vector nA having the same direction as A 
but a magnitude n times the magnitude of A as 





@ A ilustrated in Fig. 2.4. if the vector is multiplied by a 
negative number, then its direction is reversed. 

Fig. 2:3(d) in the event that n represents a scalar quantity, the product 

nA. will correspond to a new physical quantity and the 

: dimensions of the resulting vector will be (he product of the 


dimensions of the two quantities which were multiplied 
‘together. For example, when velocity:is multiplied by scalar 
mass m, the product is a new vector quantity called momentum 
ell the dimensions as those of mass and velocity, 





A I vec glen reeks a vier wth magnitude 
cone in that direction. It Is used to represent the direction cf 
a vector, 
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A unit vector in the direction of A is written as A , which we 
fead az A hat’, thus 


A 


= AA 
A 


> 


= 
A 
The direction along x, y and 2 axes are generally 


represented by unil vectors 1, |] and k respectively 


(Fig. 2.5 a). The use of unit vectors is not restricted to 
Cartesian coordinate system only. Unit vectors may be 
defined for any direction, Two of the more frequently 


used unit vectors are the vectorr which represents the 


direction of the vectorr(Fig. 2.5 b) and the vactor n 
which represents the direction of- a normal drawn ona 
spectied surface as shown in,Fig 2.5 (e). 


vill) Aull Vector 





Aull vector is a vector of zero magnitude and arbitrary 
direction, Forexample, the sum of a vector and its negative 
vector is a null vector 


oA +(-Aj= o rte eS (2.3) 


11x) Equal Vectors 





Two vectors A and B are said to be equal if they have the 
same magnitude and direction, regardless of the position 
of their initial points. 


This means thal parallel vectors of the same magnitude 
are equal to each olher, 






Rectangular Components of a 


A component of a vector is its effective value in a given 
direction. A vector may be considered as the resultant of 
iis component vectors along the specified directions. It-is 
usually Convenient to resolve a vector into components 
along mutually perpendicular directions. Such components 
are called rectangular components 





ry 
bil 
my 


Fig. 2.5uc} 





Let there be a vector A represented by OP making angle 4 
with the x-axis. Draw projection OM of vector OP on x-axis 
and projection ON of vector OP on y-axis as shown in 
Fig.2.6,Projection OM being along x-direction ls represented 


by A, iand projection ON = MP along: y-direction Is 
represented by A, j. By head and tail rule 


A=A,i +Ayi assed (2.4) 


Thus A,iand A, jare the components of vector A. Since 
these are at right angle to each other, hence, they are called 
_rectangular components of A. Considering the right angled 


triangle OMP, the magnitude of A, ior x-component of A is 
ASA cee (25) 


And that of A, jor y-component of A Is 
WeSASITO 0 o Aaared (2.6) 


(xi) Determination of a Vector from its 





Rectangular Components 


if the rectangular Gillpoierhe of a vector, as shown In 
Fig. 2.6, are given, we can find out the magnitude of the 
vector by using Pythagorean theorem. 


In the right angled A OMP, 
OF = OM + MPP 
or fear tae oes (2.7) 
————— 
or A = Ai +A; 


and direction 6 is given by tané = oni opal 


7 


or 8 = tan hati (2.8) 








Let A and B be two vectors which are represented by two 

. directed lines OM and ON respectively, The vector B is added 
ta A by the head to tail rule of vector addition (Fig 2.9), Thus 
the resuitant vector R = A+ B is given, in direction and 
magnitude, by the vector OP. 


Inthe Fig2.9 4,, By and R, are the x-components. of the 
veotors A, Band R and their magnitudes are given by the 
lines OQ, MS, and OR respectively, But 





which means that the sum of the magnitudes of 
-x-components of two vectors Which ara to be added,is 
equal to the x-component of the resultant. Similarly the 
sum of the magnitudes of y-components of two. vectors is 
equal to the magnitude of y-component of the resultant, 
that ts 


i+ 
ive = a}; ALY xt a 
<a a *) 
RA i By - eae -_ ‘ 


Since R, and A, are the rectangular components of the 
resultant vector R, hence 





R=Ri+R,j 


or R={A,+B,)i +14, + B,)j 
The magnitude of the resultant vector R is thus given as 





‘and the direction: of the resultant vector is. aBfenediniad Ka 


: aft, )(4,+ 8,) 
P= tar = Sn 
R, (A,+ 8,) 
es -) (Ay 8 . 
and Rey: 1 ppt i Ah ee ee eet 44 
| an AB.) wah 


Similarly for any number of coplanar vectors A. B, C...., we 
can write 


R= (A+ 8,40,4 4 (A +B,4e,4 Poe (218) 
a tA, #8540) 4.0.0) 
(A,+8,+C, 4+...) 


The vector addition by rectangular components consists of 
the following steps, 


and = tan aeBede LANG 


i) Find x and y components of all given vectors. 


il) Find x-component AR, of the resultant vector by 
adding the x-components of all the vectors 


iil) Find y-component A, of the resultant vector by 
adding the y-components of all (he vectors 


iv) Find the magnitude of resultant vector R using 
R= JRi+R? 
¥) Find the direction of resultant vector R by using 
Rk 
@ = tan’ — 
R 


where 6 is the angle, which the resultant vector makes with 
positive x-axis. The signs of AR, and A, determine the 
quadrant in which resultant vector lies. For that purpose 
proceed as given below. 


Irrespective of the sign of R, and R,. determine the value 


mT 
of tan’ =i = > from the calculator or by consulting 


i 


trigonometric tables. Knowing the value of, angle 0) is 
determined as follows. 
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Step () 


a) If both R, and R, are positive, then the resultant lies 
in the first quadrant and its directionis 6=6. 


b) If R, is -ive and A, Is tive, the resultant lles in the 
second quadrant and its direction is 4 = 180-¢ 


c) Ifboth R, and R, are -ive, the resultant lies inthe third 
quadrant and its directionis 0 = 180+ b , 


d) |f R, is positive and R, is negative, the resultant lies in 
the fourth quadrant and its direction is 0 = 360-6. 


Example 2.2: Two forces of magnitude 10 N and 20 N 
@cton a body in directions making angles 30° and 60° 
respectively with x-axis. Find the resultant force. 
Solution: 
x-components 
The x-component of the first force = F,, = F,) cos 30° 
= 10N x 0.866 = 8,66 N 
The x-component of second force = F;, =F; cos 60° 
=20Nx0.5=10N 
y-components 
The y-component of the first force = F,, =F; sin 30° 
=10Nx05=5N 
The y-component of second force = Fz, =F; sin 60° 
= 20 N x 0.866 = 17.32 N 
Step (ii) 
The magnitude of x component F; of the resultant force F 
Fy= Fut Fa 
F,= 6.66 N + 10 N = 18.66 N 
Step (iil) 
The magnitude of y component F, of the resultant force F 
Fy = Fy + Fo 
F, = 5 N + 17.32 .N = 22.32 N 
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ware A and Bae tee tener Vokes kee aA 
( is the angle between them. 


For physical interpretation of dot product of two vectors: A and 
B, these are first brought to a common origin (Fig, 2.18 a), 


then, B = (A) (projection of Bon A) 
4 | 
A.B =A (magnitude of componentof B in the directionaf A) 
=A(Bcost)=ABcos0 
Similarly B.A=8 (A cost) = BA cos 0 


We come across this type of product when we consider the 
work done by a force F whose point of application moves a 
distance d In a direction making an angle ) with the line of 
action of F, as shown in Fig. 2.11. 


Work done = (effective component of force in the direction 


of motion) x distance moved 
= (F cos) d= Fd cos 
Using vector notation 
F.d = Fd cos 4 = work done 
Characteristics of Scalar Product 
1, Since A.B=AB8 cosa and B.A=BA cost = 4B cosh. 


hence, A.B=8.A. The order of multiplication ts 
irrelevant, In other words, sealar product is 
commutative. 


2. The scalar product of two mutiely perpendicular 
vectors is zero, A.B = AB cost 


In case of unit vectors ij and kK, since they are 
mutually perpendicular, therefore, 





3. The scalar product of two parallel vectors is equal 
to the product of their magnitudes. Thus for parallel 
vectors (4= 0°) 


A.B = AB cos 0 = AB 
In case of unit vectors 


ODE EROS) Hp culate eaep 
and for antiparallel vectors. (0=180 ) 
A.B = AB cosi80 = -AB 


4. The self product pf a vector A is equal to square of 
its magnitude. ‘ 


A.A = AA cos 0° = A’ 


Scalar product of two vectors A and B in terms of 
their rectangular components 





Cn 


AB=(A, i +A, j +A, k). (B, 1 +8, }4+B, k) 
or A.B = A,B, + A,B, + AB, ccc. (2.20) 


Equation 2.17 can be used to find the angle between two 
vectors: Since, 


A.B = AB cos0 = A,B, + A,B, + A,B; 
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Displacement d = re—ra=(6—1) i+ (7-3) | #41 +4) 
Work done =F.d = (21 +3)). (4) +4) 
= 8 +12 = 20 units: 
Example 2.5: Find the projection of vector A=21-Bj+k 
In the direction of the vector B=31- 4) -12k. 
Solution: |f (is the angle between A and B, then A cos# 


‘is the required projection. 


By definition A.B = AB cos @ 
A cos AB =A. B 


4 


Where B is the unit vector in the direction of B 


el B= f3*+(4)?+ (12)? = 13 
Therefore B= (31-4 j-12k) 

13 
The projection of A on B = (21-8] +k). SE -28) 


- (2) (3) 4+(-8).(-4)+1 (12) 20. 9 
rie 13 






The vector product of two vectors A and B, is a vector 
which is defined as 


= ‘Cnt 
 - 4 


where n is a unit vector perpendicular to the plane 
containing A and B as shown in Fig. 2.12 (a). Its direction 
canbe determined by right hand rule. For that purpose, 
place together the tails of vectors A and B to define the 


a4 


plane of vectors A and B. The direction of the 
vector is perpendicular to this plane. Rotate the first vector 
p pived ot coleagale tad erates coh onlay 
curl the fingers of the right hand | 

rotation, keeping the thumb ee The direction of th 


uct Sa 
in the Fig 2.12 (b). Because 
isa bees eC rede. S97 











(a 
HEE 
Hi 





Ciaatariiex et Cre Prema Fig. 2:52) 
1: Since Ax B is nat the same as BxA, the 
cross product is non commutative, 


2 ‘The cross product of two perpendicular vectors has 
maximum magnitude AxB = AB sin90°n=AB a 


In case of unit vectors, since they form a right 
handed system and are mutually perpendicular 
Fig. 2.5 (a) , 


ixj=k, jxk =i, kxi = j 


3. The cross product of two parallel vectors is null 
vector, because for such vectors 6 = 0° or 180°. 
Hence 





Ax B= AB sin0’n = AB sin 180"n=0 


P ‘ Bx A 
Asaconsequence — AXA=0 ta 


Fie aaah 





4 Cross product of wo vectors Aand Bin tems of 
eir rectangular components Is : 


AXB=(Ai+A)+Ack) x (B,i+B,j+B,k) 
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The result obtained can be expressed for memory in 
determinant form as below: 


=< ee 
F's AxB =|A, Ay As. 


Fig. 2.12(c) 1B, 8 6: 
5. The magnitude of A x B is equal to the area of the 


parallelogram formed with A and B as two adjacent 
sides (Fig, 2.12 d). ‘ 


Examples of Vector Product 


i. When a force F is applied on a rigid body ata 
point whose position vector is r from any point 
of the axis about which the body rotates, then 
the tuming effect of the force, called the torque 
t is given by the vector product of r and F. 


tT=rxF 


i. The force on a particle of charge g and 
velocity v in a magnetic field of strength B is 
given by vector product, 


F=q (vx B) 






We have already studied in school physics that a turning 


: ita effect is produced when a fut [is tightened with a 
point spanner (Fig. 2.13). The tuming effect increases when you 
push harder on the spanner. It also depends on the length 


The nutis easy totum with aspanner, Of the spanner: the longer the handle of the spanner, the 

oO greater is the tuming effect of an applied force. The 
turning effect of a force is called its moment or torque and 
its magnitude is defined as the product of force F and 
3 the perpendicular distance from its line of action ta the 





is easier st ithe spannerhese pivot which Is the point O around which the body 
tong handle, (spapner) rotates, This distance OP is called moment 


Fig. 2:13 arm |. Thus the magnitude of torque represented by tis 
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When the line of action of the applied force passes through 
the pivot point, the value of moment arm / = 0, so in this case ‘ 
torque is zero. 

We now consider the torque due to a force F acting on 

a rigid body, Let the force F acts on rigid body at point 
P whose position wector relative to pivot O is r. The 
force F can be resolved into two rectangular 
components, F sin @ perpendicular to r and F cose 
along the direction of r (Fig. 2.14 a). The torque due to 
F cos gabout pivot © is zero as its line of action passes. 
through point O, Therefore, the magnitude of torque due - 
to Fis equal to the torque due to F sing aly che 0. 

it \s ven 





Alternatively Gissnbchentarn i eaten the sre of 
the component of r perpendicular to the line of action of F Fig. 2.44ia) 
sieht li ai Pcillgi 





a 
From £9. 2.27 and Eq. 2.28 it can be seen that the torque 


can be defined by the veclor product of posiion vector f 
and the force F, so. 


“TerxF 





Where (rF sind) is the magnitude of the torque. The 
direction of thetorque represented by n is ndicular 
to the plane céntaining r and F given by right hand rule for 





the vector product of two vectors. <a 
The SI unit for torque is newton metre (Nm). . 

Just as force determines the linear acceleration produced 

in a body, the torque acting on a bady determineaits angutar V3 


acceleration. Torque is the analogous of force for rotational 
motion. lf the body is at rest or rotating with uniform 
angular velocity, the angular acceleration will be zero, In this 
ey Ve renee eR oan Wee ate 


= 


a7 


— 2:6: The line Of ection of 2 force F a sses 
through a point P of a Posy “whose position 


vectorinmetre isi-2)+k. fF=2i 3 j + 4k (in newton), 
determine the Lo hoch the point ‘A whose position 


_veclor (in metre) is 21+ j +k 
Solution: 


The position vector of point A=) =2i+ j +k 





Ses eREEIWRAS BK 


AP = react Feel 





AP =(i- 2j+ k)- (aij + k)=-1-3) 
The torque about A = FxF 


=(ri-3]) x(2i-3] +4). 
=421+4] 49k Nm 


We have studied in school physics that if a body, under the 
action of a number of forces, is at rest or moving with 
uniform velocity, it is said to be in equilibrium. 


pof Equilibrium 





A body at rest or moving with uniform velocity has zero 
acceleration. From Newton's Law of motion the vector sum: 
of all forces acting on it must be zero. 


This is known as the first condition of equilibrium. Using 
the mathematical symbol =F for the sum of all forces we 
can write 








= be Seale! , ~ eee Ang STA 
SB SO ve 88) 
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Fig. 247 








Second Condition of Equilibrium 






Let two equal and opposite forces act on a rigid 
body as shown in Fig. 2.17. Alfhough the first condition of 
equilibrium is satisfied, yet it may rotate having clockwise 
tuming effect. As discussed earlier, for angular acceleration 
lo be zero, the net torque acting on the body should be 
zero. Thus for a body in equilibrium, the vector sum of ail 
the torques acting on it about any arbitrary axis should be 
zero. This is known as second condition of equilibrium. 


_ Mathematically it is written as 
at a Te es oe -Er=0 a , Cpr (2.33) 


By convention, the counter clockwise torques are taken as 
positive and clockwise torques as negative. An axis is 
chosen for calculating the torques. The position of the axis 
is quite arbitrary. Axis can be chosen anywhere which is 
convenient in applying the torque equation. A most helpful 
point of rotation is the one through which lines of action of 
several forces pass. 


We are nowina position to state the complete requirements 
for a body to be in equilibrium, which are 


(1) IF=0 ie =F,=0 and EF,=0 


(2) Pr= 0 





For a body to be in complete equilibrium, both conditions 
should be satisfied, i.e., both linear acceleration and 
angular acceleration should be zero, 





We will restrict the applications of above mentioned 
conditions of equilibrium to situations in which all the forces 
li@ in a common plane. Such forces are sald to be 


40 





-R, x AD-300NxDB-200NxDC=0 
-Ayxim=-300Nx3m-200Nxim=0 
R, =-1100 N=- 1,1 kN 
Substituting the value-of R, in Eq. (i). we have 
-1100 + AR; = 500 
R, = 1600 N =1.6 KN 
The negative sign of FR, shows that it is directed downward. 
* Thus the result has corrected the mistake of our initial 
assumption. 


~ SUMMARY | 
The arrangement of mutually perpendicular axes |s called rectangular or Cartesian 
coordinate system, 


A scalar is a quantity that has magnitude only, whereas a vector is a quantity that 
has both direction and magnitude, 
The sum vector of two or more vectors is called resultant vector. 


Graphically the vectors are added by drawing them to a common scale and 
placing them head to tail, the vector conneeting the tail of the first to the head of 
the last vector is the resultant vector. 

Vector addition can be carried out by using rectangular components of vectors. If 


A, and A, are the rectangular components of A and 8, and B, are that of vector 
B, then the sum R=A+ Bis given by 


RraActBy Ry =Ay*By 
where A=,/R,° +R,* and direction @=tan' =e 


® 


Unit vectors describe directions in space. A unit vector has a magnitude of 1 with 
ne units, 


A vector of magnitude zero without any specific direction is called null vector. 


The vector that deseribes the location of a particle with respect to the origin of 
coordinate system is known as position vector. 


The scalar product of two vectors A and B is a scalar quantity, defined as : 
A.B = AB cos 6 
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2.1 Define ‘the terms ||) unit vector (jj) Position vector and (jj) Components of a vector, 


2.2 The Veottt sum of three vectors gives a zero resultant. What can be the. orientation 
of the vectors? 


2.3 Vector A lies in the xy plane. For what orientation will both of its rectangular 
components be negative ? For what orientation will its components have opposite signs? 


2.4 one of the rectangular components of a vector Is not zero, can its magnitude be 
zero 7 Explain. 


2.5 Can a vector have a component greater than the vector's magnitude? 
2.6 Can the magnitude of a vector have a negative value? 
270 A+ 6 =0,What can you say about the components of the two vectors? 


2.9 Under what circumstances would a vector have components that are equal in 
magnitude’? 


2.9 Is it possible to add a vector quantity to 4 scalar quantity? Explain. 

2.40 Can you add zero to a null vector? 

2.41 Two. vectors have unequal magnitudes. Can their sum be zero? Explain, 

2.12 Show that the sum and difference of two perpendicular vectors of equal lengths are 
also perpendicular and of the same length. 
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2.73 How would the two vectors of the same magnitude have to be oriented, if they 
were to be combined to give a resultant equal to a vector of the same magnitude? 


2.14 The two vectors to be combined have magnitudes 60 N and 35 N. Pick the 
correct answer from those given below and tell why is it the als one of the three 
that is correct. 


i) 100 N i) 7ON ii} 20 N 


2.15 Suppose the sides of a closed polygon represent vector arranged head to tail. 
What is the sum of these vectors? 
2.16 Identify the correct answer, 


i) Two ships X and ¥ are travelling indifferent directions at equal speeds. The actual 
direction of motion of % is due north but to an observer on Y, the apparent direction of 
motion of X is north-east. The actual direction of motion of Y as observed from the 
shore will be 
(A) East (5) West (C) south-east (D) south-west 


ii) A horizontal force F is applied to a small object P of mass m al rest on a smooth 
plane inclined at an angle 6 to the horizontal as shown in Fig. 2.22. The magnitude of 
the resultant force acting up and along the surface of the plane, on the object is 
a) Fecos# —mgsin6 
b) FsinO-mgcos 6 F 
co) Feos6+mg cos 
d) Fsino+mg sing 


221 
®) mgtang ec 
2.47 (fall the components of the vectors, A, and A; were reversed, how would this alter 
A; x Ao? 


2.18 Name the three differant conditions that could make A,x A,=0. 
2.19 Identify true or false statements and explain the rea 
a) A body in equilibrium impliestthat it is not moving nor rotating. 


b) If coplanar forces acting on a body form a closed polygon, then the body is said 
to be in equilibrium. 


2.20 A picture is suspended from a wail by two strings. Show by diagram the 
configuration of the strings for which the tension in the strings will be minimum. 


2.21 Gana body rotate about its centre of gravity under the action of its weight? 
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act; 


2.2. 


2d 


2.4, 


25, 


2.6. 


rae ah 


2.8, 


Suppose, in a rectangular coordinate system, a vector A has its tail al the point 
P {-2, -3) and its tip at @ (3,9).Determine the distance between these two points. 
(Ans: 13 Units) 


A certain comer of a room is selected as the origin of a rectangular coordinate 
system. If an insect is sitting on an adjacent wall at a point having coordinates 
(2,1), where the units are in metres, what is the distance of the insect from this 
oomer of the room? 


(Ans; 2.2m) 
What is the unit Vector in the diractionof the vector A=41+3j? 
(Ans: ad nd 1 
5 


Two particles are located at r, =3 i+ 7 j and m=-2i +3] respectively. Find both the 
magnitude of the vector irr.) and its orientation with respect to the x-axis. 
[Ans: 6.4,279°) 


lf a vector B is added to vector A, the result is Gi + jf Bis subtracted fram A, 
the result is -41+7 j . What isthe magnitude of vector A? 
(Ans: 4.1) 


Given that A =2 1+3] and B =3 1-4 j. find the magnitude and angle of 
(a) C=A+B,and(b) O=3A-2B. 


(Ans: §.1, 349°; 17.90°) 
Find the angle between the two vectors, A=51+jandB=21 +4 j, 
(Ans! 52°) 


Find the work done when the point of application of the force 31 +2) moves in a 
straight line from the point (2.-1) to the point (6,4). 


(LARS: 22 units) 
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2.8. 


2.10. 


211 


2.12, 


2.13 


2.14 


2,15, 


a 


Show that the three vectors |+j)+k, 21 Say k and 4i+j-5k are mutually 
perpendicular, ‘ 


Given that A=i-2j]+3k and B=3i-4k, find the projection of 
A on B. 
Sar. 
(Ans: =) 
Vectors A,B and C are 4 units north, 3 units west and 8 units east, respectively. 


Describe carefully (a) Ax B(p)AxC (cj) Bx 
[Ans:(a)12units vertically up (b) 32 units verticallydown (c) Zero] 


The torque or turning effect of forca about a given point is given by r x F where r is the 
vector from the given point to the point of application of F. Consider a force 


F = -B3i+|+5k (newton) acting on the point Ti+3 j +k (m). What is the torque 
InN m about the origin? 


[Ans: 14-38] +16k Nm] 


The line of action of force, F = ug i, passes through a point whose position 
vector is (-]+k). Find (a) the moment of Fabout the origin, (b) the moment of F 


about the point of which the position vector is i +k. 


[Ans: (a)2i+j+k,(b) 3k] 

The magnitude of dot and cross products of two vectors are 6V3 and 6 
respectively. Find the angle between the vectors 

(Ans: 30°) 


A load of 10.0N is suspended from a clothes line. This distorts the line so that it 
makes an angle of 15° with the horizontal at each end. Find the tension in the 


clothes line. 


[Ans: 19.3N] 


Chapter 3 
Learning Objectives 


At the end of this chapter the students will be able to: 


Understand displacement from its definition and illustration. 

Understand velocity, average velocity and instantaneous velocity. 

Understand acceleration, average acceleration and instantaneous acceleration. 
Understand the significance of area under velocity-time graph. 


Recall and use equations, which represent uniformly accelerated motion in a 
straight line including falling in a uniform gravitational field without air resistance. 


Recall Newton's Laws of motion. 
Describe Newton's second Sa oe ie as ee CaO 
Define impulse as a product of impulsive force and time. 
Describe law of conservation of momentum. 
10. Use the law of conservation of momentum in simple applications including elastic 
collisions between two bodies in one dimension, 
41, Describe the force produced due to flow of water, 
12. Understand the process of rocket propulsion (simple treatment). 
13, Understand projectile motion ina non-resistive medium, 
44. Derive time of flight, maximum height and horizontal range of projectile motion. 
15, Appreciate the motion of ballistic missiles as projectile motion, 


SS 


ee 


W e live in a universe of continual motion. In every piece of matter, the atoms are ina 


state of never énding motion. We move around the Earth's surface, while the Earth moves in 
its orbit around the Sun. The Sun and the stars, too, are in motion. Everything in the vastness 
of space is in a state of perpetual motion. 
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Every physical process involves motion of some sort. 
Because of its importance in the physical world around us, 
it is logical that we should give due attention to the study 
of mation. 


‘We already know that motion and rest are relative. Here, in’ 

this ginal we shall discuss other related topics in some 

more details, 

Whenever a body moves from one position to another, 
the change in its position is called displacement. The 
displacement can be represented as a vector that 
describes how far and in what direction the body has been 
displaced from its original position. The tail of the 
displacement vector is located at the position where the 
displacement started, and its tip or arrowhead is located at 
the final position where the displacement ended. For. 
example, if a body is moving along a curve as shown in 
Fig. 3.1 with A as Its initial position and B as its final 
position then the displacement d of tha body is 
represented by AB. Note that although the body is moving 
along a curve, the displacement is different from the pathi 
of motion. 





__ If, is the position vector of A and r; that of point B then by 
head and tail rule it can be seen from the figure that 


d=r-1, 





Its magnitude is the straight line distance between the 
initial position and the final position of the body. 


When a body moves along @ straight line, the displacement 
coincides with the path of motion as shown in Fig. 3.2.(a) 





We have studied in school physics that time rate of change 
of displacement is known as ee Its direction. is along * 
the direction of displacement. So if d is the total — Fig-2.2{a) 
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displacement of the body in time ¢, then its average velocity 
during the interval tis defined as 


KEARSE AS. 
~ Average velocity does not tell us about the motion between 

A and B. The path may be straight or curved and the 

motion may be steady or variable. For example if a squash. 
hall comes back to its starting point after bouncing off the 
Wall several times, its total displacement is zero and so 
alsa is its average velocity. 


in such cases the motion is described by the 
- instantaneous velocity, 


In order to understand the concept of instantaneous . 
velocity, consider a body moving along a path ABC in xy 

plane. At any time f, let the body be at point A Fig..2(b).Its 

position is given by position vector ry. Affer a short time 

interval At following the Instant |. the body reaches the 

point B which is described by the position vector rz. The 

displacement of the body during this short time interval is 

given by 


Ad= Fy — Ti 


The potalion A (delta) is used to represent a very small 
change. . 

The instantaneous velocity at a point A, can be found by 
making At smaller and smaller. In this case Ad will also 
become smaller and point B will approach A. If we continue 
this process, letting B approach A, thus, allowing Atand Ad 
lo decrease but never disappear completely, the ratio 
 Ad/AL approaches a definite limiting value which Is the 
instantangous velocity. Although Af and Ad become 
extremely small in this process, yet their rato: is not 
necessanly a small quantity. Moreover, while decreasing 
the displacament vector, Ad approaches:a limiting direction 
_along the tangent at A. Therefore, 








Fig.2.2(b) 


Using the mathematical language, the definition of 
instantaneous velocity v,.. is expressed as. 


ee oe * ——— é —tik: & - oa _—= 


Mies. * ao ar be ese (32) 


read as limiting value of Ad/Atas At approaches zero. 


If the instantaneous velocity does not change, the body is 
said to be moving with uniform velocity. 


If the velocity of an object changes, it Is said to be moving 
with an acceleration. 











As velocity is a vector so any change in velocity may be 
oe, cresien in tes maaiitede. ox a crange: tn Re cirendion 
or bath. 


Considera body whose velocity v; at any instant? changes to 
v; in further small time interval Af, The two velocity vectors vw, 
and v; and the change in velocity, V2 — Wi = AV, are 
represented in Fig, 3.3. The average acceleration ag, during 
time interval At is given by Figs3.3 


Vor ANE. 7 . oy 
ak ries iy (3.3) 


As ay, Is the differance of two vectors divided by a scalar 
At, aj, must also be a Vecior. Its direction is the same as 
_ that of av. Acceleration of a body at a particular instant is 
known aS instantaneous acceleration and it is the value 
obtained from the average acceleration as Af is made 
smaller and smaller till it approaches zero. Mathematically, 
itis expressed as 


Instantaneous acceleration =: eT sf 
=a “at 





a= 





5] 








Fig.3.5 





Fig.3.6 





lf the velocity of a body is increasing, its acceleration is 
positive but if the velocity is decreasing the acceleration Is 
negative. If the velocity of the bady changes by equal amount 
in equal intervals of time, the body is said to have uniform 
acceleration. For a body moving with uniform acceleration, its 
average acceleration is equal to instantaneous acceleration, 


mil 











Graphs may be used to illustrate the variation of velocity of 
an object with time. Such graphs are called velocity-time 
graphs. The velocity.time graphs of an object making three 
different journeys along a straight road are shown In 
figures 3.4 to 3.6. When the velocity of the car is constant, 
its velocity-time graph is a horizontal straight line (Fig 3.4). 
When the car moves with constant acceleration, the 
velocity-time graph is a straight line which rises the same 
height for equal intervals of time (Fig 3.5). 





When the car moves with increasing acceleration, the 
velocity-time graph isa curve (Fig 3.6). The point A on the 
graph cormesponds to time f. The magnitude of the 
instantaneous acceleration at this instant ls numerically 
equal to the slope of tha tangent at the point A on the 
velocity-time graph of the abject as shown in Fig 3.6. 


The distance moved by an object can also be determined 
by using its velocity-time graph. For example, Fig 3.4 
shows that the object moves at constant velocity v for time t. 
The distance covered by the object given by Eq. 3.1 Is 
v x £ This distance can also be found by calculating the 
area under the velocity-time graph. This area is shown 
shaded in Fig 3.4 and is equal to v x t We now give 
another example shown in Fig 3.5. Here the velocity of the 
object Increases uniformly from 0 to v in time £ The 
magnitude of its average velocity is given by 

O+v 1 
= =—V¥ 
a: 





Vaw 
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In school physics we have studied some useful equations 
for objects moving at constant acceleration, 


Suppose an object is moving with uniform acceleration a 
along a straight line. If its initial velocity is v, and final 
velocity after a time interval ft is vw. Let the distance 
covered during this.interval be § then we have 


vy =¥,+ al seunss dane (3.5) 
ro Ve te ee (3.6) 
Se yts ; se Ne end (3.7) 
Geri ees et a ics (3.8) 


These equationsare useful only for linear mation with 
uniform acceleration, When the object moves along a 
straight line, the direction of motion does not change. In 
this case all the vectors can be manipulated like scalars. In 
such problems, the direction of initial velocity is taken as 
positive. A negative sign is assigned lo quantities where 
direction is opposite to thal of initial velocity. 


in the absence of alr resistance, all objects in free fall near 
the surface of the Earth, move towards. the Earth with a 
uniform acceleration. This acceleration, known as 
acceleration due to gravity, is denoted by the letter g and 
its average value near the Earth surface is taken as 
9.8 ms*in the downward direction. 


The equations for uniformly accelerated motion can also be 
applied to free fall motion of the objects by replacing a by g. 


JEWTOR 


Newton's laws are 
experiments. They were clearly stated for the first time by 
Sir Isaac Newton, who published them in 1687 in his 
famous book called "Principia". Newton's laws are adequate 
for speeds that are low compared with the speed of light. 


empirical laws, deduced from 
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Distance covered = average velocity x time = 3V xt 


Now we calculate the area under velocity-time graph which 
is equal to the area of the triangle shaded in Fig 3.5. Its 
value is equal to 1/2 base x height = 1/2 v x t 
Considering the above two examples it Is a general 
conclusion that 





Example 3.1: The velocity-time graph of a car moving 
ona straight road is shown in Fig 3.7, Describe the motion 
of the car and find the distance covered. 


Solution: The graph tells us that the car starts from rest, 
and its velocity increases uniformly to 20 ms’ in 5 
seconds. lis average acceleration is given by 
Av 20me7 | 
a=—= =4ms5 
Af 6s 
The graph further tells us that the velocity of the car 
remains constant from 5" to 15" second and it then 
decreases uniformly to zero from 15” to 19" seconds. The 
acceleration of the car during last 4 seconds is 


a 
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The negative sign indicates that the velocity of the car 
decreases during these 4 seconds. 


The distance covered by the car is equal to the area 
between the velocity-time graph and the time-axis. Thus 


Distance travelled = Area of AABF + Area of rectangle BCEF 
+ Area of ACDE 
=— x 20ms'x5s+20ms'x 10s+ > x20ms"x4-s 


1 
2 
= 50m +200 m+40 m= 280m 
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For very fast moving objects, such as atomic particles in an 
accelerator, relativistic mechanics developed by Atbert 
Einstern is appiicabie. 


You have. already studied these laws in your secondary 
school Physics. However a summarized review is given 
below. J 


Newton's First Law oT Motion 





A hedy at rest will periain al rest, and a bron moving with 

uniform velocity will cottinue to de sc, liniass acted upon by 
some Unbalanced external force. This is alsa known as law 
of inertia. The property of an object tending to maintain the 
state of restor state of uniform motion js referred to aa the 
object's ineftia. The more inertia, the stronger ts: this 
tendericy in the presence of a force. Thus. 





The frame of reference in which Newton's first law of motion 
holds. is known as inertial frame of referance. A frame of 
reference stationed on Earth is approximately an inertial gp 
frame of referance. “of gravity 7 “eee Hand 








Newton's Second Law of Motion 





A force applied ora body produces acceleration initsown “ 
direction, The acceleration produced varies. directly with 

ihe applied force and inversely with the mass of the body. 
Mathematically, itis SA KEREE*: as 


Oban aaa tees 2 
. ~- > < | - ‘ = « 





fy ewion 





Action and reaction are equal and opposite. For example, 

* whenever an interaction occurs between two objects, each 
object exerts ihe same force on the other, but in the 
oppesite direction and far the same length of time. Each 
forte in action-+eaction pair acts only on one of the two 
bodies, the action and reaction forces never act on the 
same body, 











We are aware of the fact that moving object possesses a 
quality by virtue of which it exerts a force on anything that 
tries to stop it The faster the object is travelling, the harder is 
to stop it, Similarly, if two objects move with the same 
velocity, then it is more difficull to stop the massive of the two. 


This quality of the moving body was called the quantity of 
motion of the body, by Newton. This term is now called 
linear momentum of the body and is defined by the relation. 


Linear momentum =p=MV vices (3,10) 


In this expression v is the velocity of the mass m. Linear 
momentum is, therefore, a vector quantity and has the 
direction of velocity. 


The 3! unit.of momentum is kilogram metre per second 
(kgm-s’), Itcan also be expressed as newton second (Ns). 


Momentum and Newton's Second Law of Motion 





. Consider a body of mass m moving with an initial velocity v,. 
Suppose an extemal force F acts upon it for time f after which 
velocity becomes vy, The accelerationa produced by this force 
is given by 


at 
f 
By Newton's second law, the acceleration is given as 


ae— 
m 


Equating the two expressions of acceleration, we have 
ee, Mer 
nm f 

or FXREEMVEMYy wee (3.11) 


where mv is the initial momentum and mv is the final 
momentum of the body 
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The equation 3.11 shows that change in momentum ts: 
equal to the product of force and the time for which force is. 
applied, This form of the second law is more general than 
“the form F = ma, because it can easily be extended to 
account for changes as the body accelerates when its 
mass also changes. For example, as a rocket accelerates, 
it loses mass because its fuel is burt and ejected to 
provide greater thrust. 


From Eq. 3.11, ree Bala 





Thus, second law of motion can also be stated in terms of 
momentum as follows 1 


Impulse 





Sometimes we wish to apply the concept of momentum to 
cases where the applied force is not constant, it acts for very 
short time. For example, when a bat hits a cricket ball, the 
force certainly varies from instant to instant during the 
collision. In such cases, it is more convenientto deal with the 
product of force and time (F x f) instead of either quantity ™ 
alone, The quantity F x fis called the impulse of the force, 
where F can be regarded as the average force that acts 
during the time f. From Eq. 3.11 


impulse =F xt=mvy-MV vcs (8.12) 
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Law of Conservation of Momentum 


Let us consider an isolated system. It is a system on which 
no external agency exerts any force, For example, the 
molecules of a gas enclosed in a glass vessel at constant 
temperature constitute an isolated system. The molecules 
can collide with one another because of their random 
motion but, being enclosed by glass vessel, no extemal 
agency can exert a force on them. 


Consider an isolated system of two smooth hard interacting 
balls of masses m, and m), moving along the same straight 
line, in the same direction, with velocities v, and v, 
respectively. Both the balls collide and after collision, ball of 
mass m, moves with velocity v) and m, maves with velocity 
v> in the same direction as shown in Fig 3.8. 


To find the change in momenturn of mass m;, using Eq 3.11 
we have, 


FE xteim =v 
Similarly for the ball of mass m,, we have 
Fx f= mz, — M2 Vz 
Adding these two expressions, we gel 
(F + F t= (my vy ~ my Wy) + (ie Wa = Mp Ve) 


Since the action force F is equal and opposite to the 
reaction force F, we have F =- F, so the left hand side of 
the equation is zero. Hence, 

O= (rm Vi - Ta Ve) * (fig Wp -IMTy Vy) 


In other words, change in momentum of 1st ball + change 
in momentum of the 2™ bail = 0 






Which means that total initial momentum of the system 
before collision is equal to the tolal final momentum of the 
system after collision. Consequently, the total change in 
momentum of the isolated two ball system Is zero. 

For such a group of objects, if one object within the group 
experiences a force, there must exist an equal but 


a) 


opposite reaction force on some other object in the same 
group. As a result, the change in momentum of the group 
of objects as a whole is always zero, This can be 
expressed in the form of law of conservation of momentum 
which states that 





In applying the conservation law, we must notice that the 
momentum ofa body is a Vector quantity. 


Example 3.3: Two spharical balls of 2.0 kg and-3.0 kg 
masses are moving towards each other with velocities of 
6.0ms''and4 ms’ respectively, What must be the velocity of. 
the smaller ball after collision, if the velocity of the bigger 
ball is. 3,0 ms"? 3 


Solution: As both the balls are moving towards one 
another, so their velocities are of opposite sign. Let us 
suppose that the direction of motion of 2 kg ball is pasitive and 
that of the 3 kg is negative, 
The momentum of the system before collision = my vy) + Ary ¥p 
= 2kg x Gms" +3kgx (-4 ms") = 12 kgms'!-12 kg ms! =0 
Momentum of the system aftercollision= mv) +m av) 
=2kgx vw: +3 kqx {-3)ms. 
From the law of conservation of momentum 
Momentum of the systemn| _ | Momentum of the system | 
before collisian = afier collision 
Q=2kg x v'-9kgms" 
2kgxv:=Okgms' 
v-=45ms" 
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Am, im, 
Before collision 
vi, V5 
——+> = 


m, im, 
After collision 
Fig. 3.0 








When two tennis balls collide then, after collision, they will 
rebound with velocities less than the velocities before the 
impact. During this process, a portion of K.E is lost, partly 
due to friction as the molecules in the ball move past one 
another when the balls distort and partly due to its change 
into heat and sound energies. — - 


Under certain special conditions no kinetic energy is lost in 
the collision. 





For example, when a hard ball is dropped onto a marble 
floor, it rebounds to very nearly the initial height. It looses 
negligible amount of energy in the collision with the floor. 


It Is to be noted that momentum and total energy are 
conserved in all types of collisions. However, the K.E. is 
conserved only in elastic collisions. 





Elastic Collision in One Dimension 


Consider two smooth, non-rotating balls of masses m, and 
ms, Moving initially with velocities v; and vz respectively, in 
the same direction. They collide and after collision, they 
move along the same straight line without rotation, Let their 
velocities after the collision be v; and v; respectively, as 
shown in Fig. 3.9. 


We take the positive direction of the velocity and momentum 
to the right. By applying the law of conservation of 
momentum we have 


My Vy # M2 Ve = My Vy + M2 V2 
My {¥y = Vi PEM a (VE- Va) eeessesee (3.14) 


As the collision is elastic, so the K.E is also conserved, 
From the conservation of K.E we have 


<M Vi —Ie Ve" = — my Ve — Te 
Zea Dhl amir inde a 2 . 


or ma(vy — we) = mia f= ve") 
OF Myf’y + V's) (Ve= Wa) = ma (vot V2) (Wa-V2) .... (3.15) 
Dividing equation 3.15 by 3.14 

(viet ve) = (wet va) ates (16) 
or (Va~ Va) = (Ve- Wi) = (Ve ~ va) 


We note that, before collision (vy) — v a) is the velocity of 
first ball relative to the second ball. Similarly (v; - v3) is the 
velocity of the first ball relative to the second ball after 
collision. It means that relative velocities before and after 
the collision has tha same magnitude but are reversed 
after the collision. In other words, the magnitude of relative 
* velocity of approach is equal to the magnitude of relative 
velocity of separation. 


In equations 3,14 and 3.16, m), m., v) and vs are known 
quantities. We solve these equations to find the values of tone w 
Vv, and vz, which are unknown. The results are ie a 


ant. 
v= — ie) ey praia ‘S417 + 
Ee meme «7 QO@ 








; m, ™, 
v= aim kis ype ii Ha aa Before collision 
Mh+ My (Th +My 

There are some cases of special interest, which are 

discussed below: 

(i) When ; My = mM, view, wins, 

From equations 3.17 and 3.18 we find that i. 
Mews e@@ 

and Vy =v, as shownin Fig 3.10 i Eo she 

(ii) When m, =m,and v;= 0 Fg 310 

In this case the mass m; be at rest, than v2 = 0 the 

equations 3.17 and 3.18 give 


6] 


case (ii) 


Mw, =0 v= i, 





After collision 
Fig, 3:43 





Mf, <M 2m. 
v= pais hls Dg . “= = —Vy 
iy + My. Cy Pig 


‘When m, = m, then bail of mass rm, after collision will come 
tO a Bek aed ee Wil take ct ID the velocity that my, 
originally has, as shown in Fig 3.11. Thus when a billiard 
ball m;, moving on a table collides with exactly similar ball 
mat rest, the ball m, stops while m: begins to move with 


the | same velocity, with which m, was moving initially. 


(ili) When a light body collides with a massive body at rest 
In this case initial velocity vy= 0 and m,>> Mm). Under these 
conditions m, can be neglected as compared to m;, From 


| equations 3,17 and 3. 18 we have v'y=-v; and v2=0 


The result is shown in Fig 3.12. This means that m, will 
bounce back with the same velocity while mz, will remain 
stationary. This fact /s made used of by the squash player. 


liv) When a massive body collides with light 
Stationary body - . 


In this case m, >> m, and vz = 0 s0 m, can be neglected in 
equations 3.17 and 3.18. This gives vy =v; and v= 2 vy. 
Thus after the collision, there is practically no change in the 
velocity of the massive body, ‘but the lighter one bounces off 
in the forward direction with approximately twice the velocity 
of the incident body, piskalamaidltn <a 
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Example 3.5: A 1009 golf ball is moving to the right with 
a velocity of 20'ms”. It makes a head on collision with an 
&kq steel ball, initially at rest. Compute velocities of the bails 
after collision. 


Solution: We know that 





vis Duis Bali i and = amy -V, 
hy + ITs My + 
Hence 
v4 = O.1Kg- BRS 90 me! == 19.5 ms" 
O.tkg+8ko 
ys 22 ROIS on snette 0.5ms" 
Cikg+ 8 ko 


3.9 FORCE DUE TO WATER FLOW 


When water from a horizontal pipe strikes a wall normally, a 
foroe 15. exerted. on the wall. Suppose the water strikes the 
wall normally with yelocity y and comes to rest on striking 
the wail, the change in velocity is then 0 — ¥ = — v. From 
second law, the force equals the momentum change per 
second of water if mass m of the water strikes the wall in 
time f then force F on the water is 


F=- = v =-mass per second « changein velocity: ,.,. (3.19) 
From third law of motion, the reaction force exerted by the 
water on the wall is equal but opposite 

Hence, 


Fay \= UL 
i f 
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Thus force can be calculated from the product of mass of 
water striking normally per second and change in velocity. 
Suppose the water flows out from a pipe at 3 kgs’ and its 
velocity changes from 5 ms’! to zero on striking the ball, then, 


Force = 3 kgs’ x (Sms! -—0)= 15kgms" = 15.N 


Example 3.6: A hose pipe ejects water at a speed of 
0.3 ms” through a hole of area 50 cm? If the water strikes a 


iteaeatanstenndaol eh peta assuming the 


y of the water normal to the wall is zero after striking. 

Solution: 

ise iecteal ere cotk if 
athe wal }-0005 m?'x0.1m = 0.0018 


Heiss pr stnoneathng te wel "volume Xdensity 
= 0.0015 m x 1000 kgm? = 15kg 
Velocity change of water onstriking the wall=0.3ms'-0=0.3ms' 
Force = Momentum change per second 
= 1.5 kgs x 0.3 ms” = 0.45 kgs = 0.45 N 











There are many examples where momentum changes are 
produced by explosive forces within an isolated system 
For example, when a shell explodes in mid-air, its 
fragments fly off in different directions. The total 
momentum of all its fragments equals the initial momentum 
of the shell. Suppose a falling bomb explodes into two 
pieces as shown in Fig. 3,14. The momenta of the bomb 
fragments combine by vector addition equal to the original 
momentum of the falling bomb. 


Consider another example of bullet of mass m fired from a 
rifle of mass Af with a velocity v. Initially, the total 
momentum of the bullet and rifle is zero. From the principle 
of conservation of linear momentum, when the bullet is 
fired, the total momentum of bullet and rifle still remains 
Zero, since no external force has acted on them. Thus if v’ 
is the velocity of the rifle then 
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my (bullet) + Mv’ (rifle) =0 


The momentum of the rife is thus equal and opposite to. 
that of the bullet. Since mass of rifle is much greater than 
the bullet, it follows that the rifle moves back or recoils with 
only a fraction of the velocity of the bullet, 


Rockets move by expelling burning gas through engines al 
their rear. The ignited fuel tums to a high pressure gas 
which is expelled with extremely high valocity from the 
- focket engines (Fig. 3,15), The rocket gains momentum 

equal to the momentum of the gas expelled from the angine 
but in apposite direction, The rocket engines continue to 
expel gases after the rocket has begun moving and hence 
rocket continues to gain more and more momentum. So 
instead of travelling at steady speed the rocket gets faster 
and faster so long the engines are operating. 


Arocket carries its own fuel in the form of a guid or solid 
hydrogen and oxygen, It can, therefore work at great heights 
where very little or no air is present In order to provide enough 
upward thrust to overcome .gravity, a typical rocket 
consumes about 10000 kgs’' of fuel and ejects the burnt 
gases at speeds of over 4000 ms". In fact, more than 
80% of the launch mass of a rocket consists of fuel only. 
One way to overcome the problem of mass of fuel is to 
make the rocket from several rockets linked together. 


When one rocket has done its job, it is discarded leaving 
others to carry the space crafl further up at ever greater speed. 


lf mis the mass of the gases ejected per second with velocity 
v relative to the rocket, the change in momentum per second 
of the ejecting gases is my, This equals the thrust produced 
by the engine on the body of the rocket, So, the acceleration 
‘a’ of the rocket is 





5 








Fig-3,16(a) 


where M is the mass of the rocket. When the fuel in the 
rocket is bumed and ejected, the mass M of rocket 
decreases and hence the acceleration increases; 


Uptill now we have been studying the motion of a particle 
along a straight line i.e. motion in one dimension. Now we 
consider the motion of a ball, when it is thrown horizontally 
from certain height. It is observed that the ball travels forward 
as well as falls downwards, until it strikes something. 
Suppose that the ball leaves the hand of the thrower at point 
A (Fig 3,16 a) and that its velocity at that instant is completely 
horizontal. Let this velocity be v,. According to Newton's first 
law of motion, there will be no acceleration in horizontal 
direction, unless a horizontally directed force acts on the ball. 
Ignoring the air friction, only force acting on the ball during 
flight is the force of gravity. There is no horizontal force acting 
on it, So its horizontal velocity will remain unchanged and will 
be v,, until the ball hits something. The horizontal motion of 
ball is simple. The ball moves with constant horizontal 
velocity component. Hence horizontal distance x is given by 


a= Ve xt tate eee (3.22) 


The vertical motion of the ball is also not complicated, It 
will accelerate downward under the force of gravity and 
hence a = g. This vertical motion Is the same as for a 
freely falling body. Since initial vertical velocity is zero, 
hence, vertical distance y, using Eg. 3,7, is given by 


gale 
ier a 


it is not necessary that an object should be thrown with 
some initial velocity in the horizontal direction, A football 
kicked off by a player; a ball thrown by a cricketer and a 
missile fired from a launching pad, all projected at some 
angles with the horizontal, are called projectlies. 





In such cases, the motion of a projectile can be studied 
easily by resolving it into horizontal and vertical 
components which are independent of each other. 
Suppose that a projectile is fired in a direction angle 0 with 
the horizontal by velocity v, as shown in Fig. 3.16 (b), Let 
components of velocity v; along the horizontal and vertical 
directions bev, cos 8 and v, sin Orespectively. The horizontal 
acceleration Is a, = 0 because we have negiected air 
resistance and no other force is acting along this direction 
whereas vertical acceleration a, = g, Hence, the horizontal 
component v, remains constant and at any time f, we have 


Vie = Vin = v,cosé S444 eb eh ee (3.23) 


Now we consider the vertical motion. The initial vertical 
component of the velocity is visin 6 in the upward direction. 
Using Eq. 3.5 the vertical component v, of the velocity at any 
instant f is given by 


Vy =WSINO=~GE ca, (8.24) 


The magnitude of velocity at any instant is 


VE VR tHE eee (3.25) 


The angle + which this resultant velocity makes with the 
horizontal can be found from 


ian} = —* apohautesy (3.26) 

Vhy : : 

In projectile motion one may wish to determine the height 

to which the projectile rises, the time of flight and horizontal 
range. These are described below. 





Height of the Projectile 


In order to determine the maximum height the projectile 
attains, we use the equation of motian 


| 2as= “ey 
As body moves upward, so a = - g, the initial vertical 


velocity vi, = 4) sin@ and vy, = 0 because the body comes to 
rest after reaching the highest point. Since 
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simuttansousty from 2 macheeiem 
het alike one ball to drop: treaty 
while: ihe other is Projected 
horizontally, At any: Bre. fe hao 
balls are ot these teved, io, their 
Wittcel digplaoainent: ane oqual 





S=height =h 


So -2gh= 0-v,; sin’ 
ahr or vi sin*® ; re yal 
or h Sr Saen (3.27) 








| Time of Flight 


The time taken by the body to cover the distance from the 
place of its projection to the place where It hits the ground 
at the same level is called the time of flight. 


This can be cbtained by taking S = h = 0, because the 
body goes up and comes back to same level, thus 
covering no vertical distance. If the body is projecting with 
velocity v making angle @ with a horizontal, then its vertical 
component will be v sine. Hence the equation is 


S=vt+ wot 

O=v,- sind t- 4 gt 

qe 24300 Ey ee (3.28) 
; g 


where ft is the time of flight of the projectile when it is 
projected from the ground as shown in Fig. 3.16 (b). 








Range of the Projectile 


Maximum distance which a projectile covers in the 
horizontal direction is called the range of the projectile. 


To determine the range A of the projectile, we multiply the 
horizontal component of the velocity of projection with total 
time taken by the body after leaving the point of projection, 
Thus 


R=Vy xt using Eq. 3.28 
Ra Vi cOsOx2y, sind 
vi) 


R= =e ein’. cos 
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But, 2 sin#cos® = sin2 6, thus the range of the projectile 

depends upon the velocity of projection and the angle of 
roje etic 5 j 

Therefore, R= 4 si 20... (3.29) 


For thé range R to be maximum, the factor sin2@ should 
have maximum value which is 1 when 20= 90° or @= 45° 






Aoolication to Ballistic Missiles 


A ballistic flight is that in which a projectile is given ‘an initial 
push and is then allowed to move frealy due to inertia and 
under the action of gravity. An un-powered and un-guided 
missile js called a ballistic missile and the path followed by 
it is called ballistic trajectory, . 


As discussed before, a ballistic missile moves in a way that is | | _DoYouKnow? | 


the result of the superposition of two independent motions: a | 
straight line inertial flight in the direction of the launch and a ~ 
vertical gravity fall, By law of inertia, an object should sail 
straight off in the direction thrown, at constant speed equal to 
its initial speed particularly in empty space. But the downward 
force of gravity will alter straight path into a curved trajectory. 
For short ranges and flat Earth approximation, the trajectory 
is parabolic but the dragless ballistic trajectory for spherical 
Earth should actually be elliptical, At high speed and for long 
trajectories the air friction is not negligible and some times the 
force of air friction is more than gravity, It affects both 
horizontal as well as vertical motions, Therefore, it is 
completely unrealistic to neglect the aerodynamic forces. 


The shooting of a missile on a selected distant is a 
major element of warfare. It undergoes complicated 
motions due to air friction and wind ete. Consequently the 
angle of projection can not be found by the geometry of the 
‘situation at the moment of launching, The actual flights of 
missiles are worked out to high degrees of precision and : 
the result were contained in tabular form, The modified 
equation of trajectory is too complicated to be discussed 
here. The ballistic missiles are useful only for short ranges. 
For long ranges and greater precision, powered and 
remote control guided missiles are used. 
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3.7 A ball is thrown with a speed of 30 ms” 
in a direction 20° above the horizon. Determine the height 
to which it rises, the time of fight and the horizontal range. 


Solution: initially 
Vw = 4 cos 0= 30 ms"xcos30°= 25.98 ms” 
vy = 4 sind = 30 ms'xsin30°=15 ms" 





aii: 
- 24) 2) ging 
g 
=: jon | “ _ 2x1Sms" 
For Your Inf T ormatior | ‘= =A 
Maint ee So Taaet 
v, sin’ @ 
= 
Height h e 
_ ia p= ome") x (0.5)" 
in the enesired of air roc 2?x9.8ms" 
trajectory ofa h eee 
fol short of & tee h= 11.5 m 
Range R= ane 
(30ms")' x0.866 _ an 
_ Seems) Ree — ao 
= ' 9.8ms° 


Example 3.8: In example 3.7 caiculate the maximum 
range and the height reached by the ball if the angles of 


projection are (i) 45° (ji) 60°. 
Solution: 
(i) Using the equation for height and range we have 
_¥) si" | 
height A= vie 
of , ae 248.8ms" 
h=23m 


70 





| » Instantatieous acceleration is the acceleration at a particular instant of time: lt is the 


value obtained from the average acceleration as time interval at is made smaller 


and smaller, me 


dee LE , 


‘The siope of velocity-time graph at any instant represents the instantaneous 


“The area between velocity-time graph and the time axis is numerically equal to the 


distance covered by the object. 


» Freely falling Is a body moving under the Influence of gravity alone. 


Acceleration due to gravity near the Earth surface is 9.8 ms* if air friction is ignored, 
Equations of uniformly accelerated motion are 


(it) wev, rat ; Ml eee, 
2 
iit) S=v,t+ > at? LW} ue evi +285 
Newton's laws of motion ; 


1" Law: The velocity of an object will be constant if net force on it is zero. 
2™ Law: An object gains momentum in the direction of applied force, and the rate of 
change of momentum is proportional to the magnitude of the forca, 

3” Law: When two objects interact, they exert equal and opposite force on each 
other for the same length of time, and so receive equal and opposite impulses, 

The momentum of an object is. the product of its mass and velocity. 

The impulse provided by a force is the product of force and time for which it acts. It 
equals change in momentum of the object 

For any Isolated system, the total momentum remains constant. The momentum of 

all bodies in a system add upto the same total momentum at all time. 

Elastic collisions conserve both momentum and kinetic energy, In inelastic collision, 

some of the energy is transferred by heating and dissipative forces such as friction, 

air resistance and viscosity, so increasing the internal anergy of nearby objects. 


Projectile motion is the mation of pafficle that is thrown with an initial velocity and then 
moves under the action of gravity. 


T2 


3.1 


3.2 
3.3 


34 


3.6 


3.6 


LT 


3.9 
3.10 


3.11 


3.12 


What Is the difference between uniform and variable velocity? From the 


explanation of variable velocity, define acceleration: Give SI units of velocity and 
acceleration. 

An object is thrown vertically upward. Discuss the sign of acceleration due to 
gravity, relative to velocity, while the object is in air. 

Can the velocity of an object reverse the direction when acceleration is constant? 
lfso, give an example. 

Specify the correct statements: 

a. An object can have a constant velocity even its speed is changing. 

b. An object can have a constant speed even its velocity is changing. 

c. An object can have a zero velocity even its acceleration Is not zero, 

d. An object subjected to a constant acceleration can reverse its velocity, 

A man standing on the top of a tower throws a ball straight up with initial 

velocity v and at the same time throws a second ball straight downward with the 

same speed, Which ball will have larger speed when it strikes the ground? |gnore 


air friction. 
Explain the circumstances in which the velocity v and acceleration a of a car are 


(i) Parallel (ii) Anti-paraliet (iil) Perpendicular to one another 
(iv)vis zero but a is not zero (vjais zero but vis not zero 

Motion with constant velocity is a special case of motion with constant acceleration. 
ls this statement true? Discuss, 
Find the change in momentum for an object subjected to a given force for a given 
time and state law of motion in terms of momentum. - 5: 

Define impulse and show that how it is related to linear momentum? 


‘State the law of conservation of linear momentum, pointing out the importance of 


isolated system, Explain, why under certain conditions, the law is useful even 
though the system is not completely isolated? 
Explain the difference between elastic and Inelastic collisions. Explain how would 


‘a bouncing ball behave in each case? Give plausible reasons for the fact that K.E 


is not conserved in most cases? 
Expiain what is meant by projectile motion. Derive expressions for 
a. the time of flight b. the range of projectile. 


Show that the range of projectile is maximum when projectile is thrown at an 
angle of 45° with the horizontal. 


3.13 Al what point or points in its path does a projectile have its minimum speed, its 


maximum speed? 
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3.14 


3.1 


3.2 


4.3 


Each of the following questions is followed by four answers, one of which is. 
correct answer. Identify thal answer. p 


|. What is meant by a ballistic trajectory? 
a. The paths followed by an un-powered and unguided projectile. 
b. The path followed by the powered and unguided projectile. 
c. The path followed by un-powered but guided projectile. 
d, The-path followed by powered and guided projectile. 
i. What happens when:a system of two bodies undergoes an elastic collision? 
The momentum of the system changes. 
The momentum of the system does not change. 
The bodies come to rest after collision. 
The energy conservation law is violated. 


A helicopter is ascending vertically at the rate of 19.6ms', When itis 


at a height of 156.8 m above the ground, a stone is dropped. How long does the 
stone take to reach the ground? 


aoc p 


(Ans: 8.0s) 
Using the following data, draw a velocity-time graph for a short journey on a 
straight road of a motorbike. a 





[time is) | 0 | 30 


Use the graph to calculate 
(a) the initial acceleration 


(b) the final acceleration and 


‘(c) the total distance travelled by the motorcyclist. 


[Ans:(a) 0.33 ms"(b)-0.67ms* (c)2.7km] 


A proton moving with speed of 1.0 x 10’ ms"' passes through a0.020.cm thick 
sheet of paper and emerges with a speed of 2.0 x 10° ms’. Assuming uniform 
deceleration, find retardation and time taken to pass through the paper. 


(Ans:- 2.4 % 10" ms™ 3.310" s) 
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3.5 


3.6 


3.7 


3.6 


3.8 


3.10 


Two masses m, and m, are initially at rest with a spring compressed between 
them. What |s the ratio of the ag adi 5 0 lg it 
bean released? 
(Ans: <1 = 72.) 
3 «6 
An amoeba of mass 1.0 * 10" kg propels itself through water by blowing a jet of 
pein ins ck & tiny orifice, The amoeba sjects water with a speed of 
1.0x10"ms"' and at a rate of 1.0 x10 kgs". Assume that the water is being 
continuously replenished so that the mass of the amoeba remains the same. 
a. If there were no force on amoeba other than the reaction force caused by 
the emerging jet, what would be the acceleration of the amoeba? 
b. if amoeba moves with constant velocity through water, what is force of 
surrounding water (exclusively of jet) on the amoeba? 
fAns: (a) 1.0% 10° ms* (5) 1.0 x10 Ny 


A boy places a fire cracker of negligible mass in an empty can of 40 g mass. He 
plugs the end with a wooden block of mass 200 g. After igniting the firecracker, he 
throws the can straight up, it explodes at the top of its path, If the block shoots out 
with a speed of 3.0 ms”, how fast will the can be going? 


(Ans: 15 ms”) 
An electron( m=9,1 x10" kq) travelling at 2.0 x 10’ ms* undergoes a head on. 
collision with a hydrogen atom (m =1.67 x 10°" kg) which Is initially at rest. 


Assuming the collision lo be perfectly elastic and a motion to be along a straight 
line, find the velocity of hydrogen atom. 


(Ans: 2.2 x 10°ms") 
A truck weighing 2500 kg and moving with a velocity of 21 ms’ collides with 


stationary car weighing 1000 kg. The truck and the car move together after the 
impact. Calculate their common velocity. 


(Ans: 15 ms”) 
Two blocks of masses 2.0 kg and 0.50 kg are attached at the two ends of a 


compressed spring. The elastic potential energy stored In the spring is 10 J. Find the 
velocities of the blocks if the spring delivers its energy to the blocks when released. 


(Ans: 1.4 ms”, -5.6 ms’) 


A foot ball is thrown upward with an angle of 30° with respect to the horizontal. 
To-throw.a 40 m pass what must be the initial speed of the ball? 


(Ans: 21ms") 


15 


a1 


3.12 


3.13 


3.14 


3.15 


A ball is thrown horizontally from a height of 10 m with velocity of 21 ms‘': How 
far off it hit the -ground and with what velocity? 


(Ans:30m,25 ms”') 
A bomber dropped a bomb at a height of 490 m when its velocity along the 
horizontal was 300 kmh’. 
(a) How long was it in air? 
(b) At what distance from the point vertically below the bomber at the instant the 


Find the angle of projection of a projectile for which its maximum height and 
horizontal range are equal. (Ans: 76°) 


Prove that for angles of projection, which exceed or fall short of 45° by equal 
amounts, the ranges are equal, 


A SLBM (submarine launched ballistic missile) is fired from a distance of 3000km, 
Ifthe Earthis considered flat and theangle of Jaunchis 45° with horizontal, find the 
velocity with which the missile is fired and the time taken by SLBM to hit the 


target. 
(Ans: 5.42 kms'\13 min) 
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Learning Objectives 
At the end of this chapter the students will be able to: 


1 


he 


oO 4 oo ey 


Lee ee eee 
ler elamiai ota iniet aptwics 


gravitational field near Earth's auttace. 
fe ee 
Relate power to work done. 

Define power as the praduct of force and velocity, 

Quote examples of power from everyday life. 

Explain the two types of machanical energy. 

Understand the work-energy principle. 

Derive an expression for absolute potential energy. 


. Define escape velocity. . 
_ Understand that ina resistive medium loss of potential energy of a body is equal 


to gain in kinetic anergy of the body plus work done by the body against friction. 


ie. Give examples of conservation of energies from everyday life. 
. Describe some non-conventional sources of energy, 


a ee In Physics, however, the term 


work involves two things (i) force (ii) displacement. We shall begin with a simple situation in 
which work is done by a constant force, 


Let us consider an object which is being pulled by a constant force F al an angle § to the 
direction of motion, The force displaces the object from position A to B through a 
displacement d (Fig. 4.1), 


We define work W done by the force F as the scalar 


. product of F and d. 
- d : Sei W= Fd = Fd cos 0 asses bh (4.1) 4 
——— = (F cosd) d 
Fig. 44 


~- The quantity (F casb) is the component of the force in the 
direction of the balnaayoroubnthhe 





Can you tall how much work is being done? 


(ly On the pail when a person holding the pail by the 
force F is moving forward (Fig. 42a). + 


i) On the walll (Fig. 4.2 b)? 


When 2 constant force acts through a distance d, the event 
can be plotted on a simple graph (Fig. 4.3). The distance is 
normally plotted along x-axis and the force along y-axis. In 
this case as the force does not vary, the graph will be a 
horizontal straight line. If the constant force F (newton) and 
the displacementd (metre) are in the same direction then the 
work done is Fd (joule), Clearly shaded area in Fig. 4.3 is 
also Fd. Hence the area under a force- displacement curve 
can be taken to represent the work done by the force, In case 
the force F is not in the direction of displacement, the graph is 
Fig- ab} plotted between F cos and a. 


* From the definition of work, we find that: 
{i} Work is a scalar quantity. 


(ii) If @ < 90°, work is done and it is said to be positive 
work. 


(ii) If 8 = 90", no work is done. 
liv) If @ > 90", the work done is sald to be negative. 
(v)  Stunit of work is Nm known as joule (J), 











Fig. 43 In many cases the force does not remain constant during 
the process of doing work, For example, as a rocket moves 


Ts 


away from the Earth, work Is done against the force of 
gravity, which vanes as the inverse square of the distance 
from the Earth's centre. Similarly, the force exerted by a 
‘spring increases with the amount of stretch. How can we 
calculate the work done in such a situation? 


Fig. 4.4 shows the path of a particle in the x-) plane as it 
moves from point a to point b. The path has been divided into 
n short intervals of displacements Ad,, Ady, ......., Ad, and 
Fa, Fay vice Pr are the forces acting during these intervals. 


During each smail interval, the force is supposed to be. 
approximately constant. So the work done for the first 
interval can then be written as 


AW, =F, Ad, = F; cos®, Ad, 
and in the second interval 
AW, = F,.Ad3= F; cos,A d) 


and so on, The total work done in moving the object can 
be calculated by adding all these terms. 


Wow = AW) + AWS... AW, 
= Fycos; Ad;+ Fy cos@: Adst......+ F, cos0, dp 


We can examine this graphically by plotting me cosh - 
verses .as shown in Fig. 4.5, The displacement d has. 
been subdivided into n equal intervals, The value of 
F cos at the beginning of each interval is indicated in, 
the figure. » | 


‘Now’ the: ith shaded rectangle has an area F, cost, 4d, 
which is the work done during the ith interval. Thus, the 
work done given by Eq. 4.2 equals the sum of the areas of 
all the rectangles. If we subdivide the distance into a large 
number of intervals so that each Ad becomes very small, 
the work done given by Eq. 4.2 becomes more accurate. If 
we lat each Ad to approach zero then we obtain an exact 
result for the work done, such as 

















Wei = Limit > © F cost Ad, Lereate (43) 
in this limit Ad approaches zero, the total area of the rectangles 
(Fig. 4.5) approaches the area between the F cos® curve and 
. d-axis from a to b as shown shaded in Fig. 4.6. 


Thus, the work done by a variable force in moving a particle 
between two points is equal to the area under the Foose 
verses d curve between the two points a and b as shown in 
' me 4.6, 





The space around the Earth in which its gravitational force 
acts on a body is called the gravitational field. When an 
object is moved in the gravitational field, the work is done b, 
the gravitational force. If displacement is in the direction of 
gravitational force, the work is positive. If the displacement 
is against the gravitational force, the work is negative. 


Let us consider an object of mass m being displaced with 
constant velocity from point A to B along various paths in 
the presence of a gravitational force (Fig. 4.8), In this case 
the gravitational force is equal to the weight mg of the 
object. 


at) 


The work done by the gravitational | force along the path 
ADB can be split into two parts. The work done along AD is 
zero, because the weight mg is perpen to this th, 





the work done along DB is (-mgh) because the 2 of 
mg.is opposite, t of the displacement ie. 8 = 180°. 
Hence, the work done in displacing @ body from A to B 


through path Tis — 
Woos = 0+ (- mgh) =-mgh 


if we consider the path ACB, the work done along AC Is 
also (-mgh), Since the work done along CB is zero, 
therefore, 


Wace =-mgh+0=-mgh 
Let us now consider path 3, i.e. a curved one. Imagine the ¥ 


curved path, to be broken down into a series of horizontal ty, 8 
and vertical steps as shown in Fig. 4.9, There Is no work Ske ee fe | 
Goné along the horizontal steps, because mg is ges AO 
perpendicular to the displacement for these steps. Work is f os ae pe n 
done by the force of gravity only along the vertical es 
displacements. i 
pfnnnn anew ene ee nen een 

Vag = maglayy * Ays FAs cn AAC, Ayn) Fig rn] 

as (AY) + Ay +Ays + 0. + Ay) =A neat ps 


Hence, Was =- mgh 
The net amount of work done along AB path is still (amgh). 
We conclude from the above discussion that 








Can you prove that the work done along a closed path 
such as ACBA or ADBA (Fig. 4.8), in a gravitational field is 
zero? 








The frictional force is a non-conservative force, because if 
an abject is moved over a rough surface between two 
points along different paths, the work done against the 
frictional force certainly depends on the path followed. 





In the definition of work, it is not clear, whether the same 
‘amount of work is done in one second or in one hour. The 
rate, at which work is done, Is often of interest in practical 


applications. 











If work AV is done in a time interval. f, then the average 
power P,, during the interval Atis defined as : 






if work is expressed as a’ function of time, the 
instantaneous power P at any instant is defined as 


yy ? € i Pls ee 
' | > A AS, 
Psi ee’ sawnebn es fae] 
ai r mes, “Eat aL 
3 "] . 


Where AW is the work done in short interval of time Af 
following the instant L 













causes the water to exert a constant force F on the boat, it 
moves with a constant velocity v. The power delivered by 
the motor at any instant is, then, given by 
= eS 
PSs 
we know AW=F. Ad 
= Livmit F.Ad 


80 t —- 
a At 


a2 


Limit Ad_y 
AiO Ar 


‘peel : — 2 $< 430 yee ae . = 
Hence, “PERM. - eh YE negadaviae Si 
7 z Phe ri 


Since 





Sometimes, for example, in the electrical measurements, the 
unit of work is expressed as watt second. However, a 
commercial unit of electricalenergyis kilowatt-hour. 


One kilawatt hour is the work done in one hour by an 
agency whose power is one kilowatt. 


Therefore, 1 kWh = 1000 W x 3600s. 
or ‘ykWh=3.6 x10 =3.6Md 








Energy of a body is its capacity to do work. There are two 
basic forms of energy. 


(i) Kinsticeneray (i) Potential 


The kinetic energy is possessed by a body due to: its 
motion and is given by the formula 


KE. = 3 mv? SP egetiiesiag OR) 


; where m is the mags of the body moving with velocity v. 


; The potential energy ls possessed by a body because of 
r its position in a force field e.g. gravitational field or because 
of its constrained state. The potential energy due to 


gravitational field near the surface of the Earth at a height 
his given by the formula 





This is called gravitational potential energy. The 
gravitational PE, is always determined relative to some 
arbitrary position which is assigned the value of zero PE. 
In the present case, this reference level is the surface of * 
the Earth as position of zero PE, In some cases a point at 
infinity ftom the Earth can also be chosen as zero reference 
level, , : 


The eneray stored in a compressed spring is the potential 
energy possessed by the spring due to its compressed or 
stratched state. This form of energy is called the elastic 
potential energy. 













Vwork-cnergy Principle 


Whenever work is done on a body, it increases its energy. 
For example a body of mass mis moving with velocity v.. A 
force F acting through a distance d increases the velocity 






to v,, than from equation of motion 
Zad = Sie ie ve 
From second law of motion | 





Multiplying equations 4.9 and 4.10, we have 


1 ' 
Fd = Sm(y — I 


where the left hand side of the above equation gives the 
work done on the body and right hand side gives the. 
increase or change in kinetic energy of the body. Thus 

i : 


This is known as. hicceoneias principle. If a body is raised 
up from the Earth's surface, the work done changes the 
gravitational potential energy. Similarly, if a spring is 
compressed, the work done on it equals the increase in its 
elastic pdiential energy. 






The absolute gravitational potential energy of an object at 
a certain position is the wark done by the gravitational 
force in displacing the object from that position to infinity 
where the force of gravity becomes zero. The relation for 
the calculation of the work done by the gravitational force 
or potential energy = mgh, is true only near the surface of 
the Earth where the gravitational force is nearly constant. 
But if the body is displaced through a large distance in 
space from, let, point 1 to N (Fig. 4.10) in the gravitational 
field, then the gravitational force will not remain constant, 
since It varies inversely to the square of the distance. 


In order to overcome this difficulty, we divide the distance 
between points 1 and N into small steps each of length Ar 
so that the value of the force remains constant for each 
“small step. Hence, the total work done can be calculated 
by adding the work done during ail these steps. If r, and fr 
are the distances of points 1 and 2 respectively, from the 
centre O of the Earth (Fig. 4.10.), the work done during 
the first step Le., displacing a body from paint 1 to point 2 





Fig. 4.70 


can be calculated as below. Foor e 
The distance between the centre of this step and the 
centre of the Earth will be 
pe GthG 
if f—-r =Ar then =n +Ar 
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OF Wis =-GMm (2 = 1 
“ 4 fy fF 


Simiarly the work done during the second step in which 
the body is dispiaced from point 2 to 3 is 


Ws =. 6Mm uta 
Re Bas 
and the work done in the last step is 
Wy. rey, =- GMm E-4) 
inet iy 


Hence, the total work done in displacing a body fram point1 
to N is calculated by adding up the work done during all 
these steps. 


Weta = Wi-ee vf Wig + cesses, + Wy 


=-G Mol 2-2 [2-4]. if : 4) 
42 Mp. #3: n-th 


On simplification, we get 





Wess = - Gm tay 
LF] th 


if the point N isssituated al an infinite distance from the 
Earth, 80 


fy = 0 “ then Bie 


-Ghm 


Hence, Who = -e 
Le | 





Therefore, the general expression for the gravitational 
potential energy of a body situated at distance r from the 
centre af Earth is 


Ee peatnal 
r 


u 


This is also known as the absolute value of gravitational 
potential anergy of a body at a distance r from the centre 
of the Earth. 
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Note that when rincreases, U becomes less negative i.e..U 
increases. It méans when we raise a body above the surface 
ofthe Earthits PE, increases. The choite of zero point is 
‘arbitrary}and ofly the difference of PE. Fron one point to 
another is-significant, wether we consider the. surface of 
the Earth or the point at infinity as zero PE. reference, the 
change in P.E. as we move a body above the surface of the. 
Earth, will always be positive. ; 


Now the absolute potential energy on the surface of the 
Earth is found by putting r=R aici of the Earth) 





The negative sign shows that the Earths: gravitational field 
for mass mis attractive, The above expression gives the 
work or the energy required to take the body out of the 
Earth's gravitational field, where its potential energy with 
_ fespect to Earth is zero. 


Escape Velo city 





It is our daily life experience that an object projected upward 
comes back to the ground affer rising to a ceriain height. 
This is due to the force of gravity acting downward. With 
increased initial velocity, the object rises to the greater 
height before coming back, If we go on Increasing the initial 
velocity of the object, a stage comes when if will not retum 
to the ground, It will escape out of the influence of gravity. 
The initial velocity of an object with which it goes out of the 
Earth's gravitational field, is known as escape velocity, 


The escape velocity corresponds to the initial kinetic 
energy gained by the body, which carries it to an infinite 
distance from the surface of Earth. 


initial KE, = 5M 


We know that the work done in lifting a body from Earth's 
surface to an infinite distance is eque! io the increase in 
its potential energy 


8 


Incerase inPE. = 0-(-6 Ms a Mn 


where M and R are the mass and radius of the Earth 
respectively, The body will escape out of the gravitational 
field if the initial KE of the body is equal to the increase 
in PE. of the body in lifting it up to infinity, Then 





The value of Vic Comes out to be approximately 11 kms.’ 


Consider a — of mass ™ at rest, al a height h above the 
surface of the Earth as shown in Fig. 4,11. At- ‘position 
A, the body has P.E, = mgh and K.E. = 0, We release the: 
body and as it falls, we can examine how kinetic and 
potential energies associated with it interchange. 


Let us calculate PE. and’ K.E. at position B when the 
bady has fallen through a distance x, ignoring air friction, 


PE, = mg (h- x) 
and K.E.= sme 
Velocity va, at B, can be calculated from the relation, 
e wi = via +* 295 
Ww=Ve vi=0 S=sx 


va = 0 + 2gx = 2gx. 


KY 





K.E.= :m (29x) = mgx 





Total energy at B=P.E. + KE. 


At position C, just before the body strikes the Earth, PE. = 0 
and KE. = {mvc where ve can be found out by the 


following expression. 
ves vi + 2gh = 2gh" as Vj = rf] 
ie. KE = Lmve!= 1m x 2gh = mgh 


Thus at point C, kinetic energy is equal to the original value 
of the potential energy of the body. Actually when a body 
falls, its velocity increases |.e., the body is being accelerated 
under the action of gravity. The increase in velocity results 
in the increase in its kinetic energy. On the other hand, as 
the body falls, its height decreases and hence, its potential 
energy also decreases. Thus we see (Fig, 4.12) that, 


Loss in PE. = Gain in K.E, 





Where v, and 4 are. velocities of the body at heights A, 
Eta and hz tespectively. This result is true only when frictional 
Fig. 4.12 force is not considered. 





li we assume that a frictional force fis present during the 
downward motion, then a part of P.-E. is used in doing work 
against friction equal to fh. The remaining PE. = mgh -fh 
is converted into K.E. 


Hence, mgh—fh= — mv! “ee 
Thus, 


Loss in PE, = Gain in K.E. + Work done against friction. 
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These are the energy sources which are not very common 
these days. However, it is expected that lhese sources 


will contnbute substantially to the energy demand of the 
future. Some of these are introduced briefly here. 





Water lewal oyialized. Enel fs) yf Thom 1ides 





One very novel example of obtaining energy from 
gravitational field Is the energy obtained. from tides. 
| (Gravitational force of the moon gives rise to tides in the 
| sea. The tides raise the water in the sea roughly twice a 
a . day. If the water at the high tide is trapped in a basin by 
agra comer wire wanes, constructing a dam, then it Is possible to use this as a 
source of energy. The dam is filled al high tide and water is 
felaased in a controlled way at low tide to drive the 
turbines. At the next high tide the dam is fillad again and 
the in rushing water also drives turbines and generates 
electricity as shown systematically in the Fig. 4.13. 








Energy from Waves 


The tidal movement and the winds blowing across the 
surface of the ocean produce strong water waves, Their 
energy can be utilized to generate electricity, A method of 
hamessing wave energy is to use large floats which move up 
Hohe and down with the waves. One such device invented by 
Water is allowed to flow back Professor Salter is known Salter’s duck (Fig. 4.14). It consists 
into the basin, driving turbines = of two parts (i) Duck float. (ii) Balance float. 
Fig, 4.13 








Fig. 4.14 


The wave energy makes duck float move relative to the 
balance float. The relative motion of the duck float is then 
used to run electricity generators. 
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The Earth receives huge amount of energy directly from 
the- Sun each day. Solar energy al normal incidence 
outside the Earth's atmosphere is about 1.4 kW? which 
is referred as solar constant. While passing through the 
atmosphere, the total energy is reduced due to reflection, 
scattering and absorption by dust particles, water vapours 
and other gases, On a clear day at noon, the intensity of 
solar ehergy reaching the Earth's surface is about 1kWm*. 


This energy can be used directly to heat water with the help _ 


of large solar reflectors and thermal absorbers. !t can also 
be converted to electricity, In one method the flat plate 
collectors are used for heating water. A typical collector is 
shown in Fig. 4.15 (a). lt has a blackened surface which 


absorbs energy directly from solar radiation. Cold water — 


passes over the surface and is heated upto about 70°C, 


Much higher temperature can be achieved by 
concentrating solar radiation on to a small surface area by 
using huge reflectors (mirrors) or lenses to produced 
sleam for running @ turbine. 


The other method is the direct conversion of suntight into 
alecticity through the use of semi conductor devices called 
solar cells also known as photo voltaic cells. Solar ceils are 
thin wafers made from silicon, Electrons in the silicon gain 
energy from sunlight to create a voltage. The voltage 
produced by a single voltaic cell is vary low. In order to get 
sufficient high voltage for practical use, a large number of 
such calls are connected in series forming a solar call panel. 


For cloudy days or nights, electric energy can be stored 
during the Sun light in Nickel cadmium batteries by 
connecting them to solar panels. These batteries can then 
provide power to electrical appliances at nights or on 
cloudy days. 


Solar calls, although, are expensive but last a long time and 
have low running cost: Solar cells are used fo power 
satellites having large solar panels which are kept! facing the 
Sun (Fig. 4.15 b), Other examples of the use of solar cells 
are rémote ground based weather stations and rain forest 


communication systems. Solar calculators and watches. are 


also In usa now-a-days. 


Fig. 4.13(b) 








7 


For your information 

The rapid. growth. of human 
population hes pul a strain on our 
natural resources, A sustainable 
society minimizes waste ond 
maximizes tha benefit from mach 
resource, Minimizing the use of 
energy is an other method of 
conservation We can save energy by, 


ti eit of lights and electrical 


when not in wee. 
(iii ‘ali fluorescent bulbs instead 
of eentbulbs = 


(ill) using sunlight in offices, 
commercial centers and 
houses during daylight hours 

{lv} Taking short tet shivers. 





Fig. 4.16 


Do you know 7 


as pltermative forms of energy, 


Energy From Biomass 
Biomass is a potential source of renewable energy. This 
includes all the organic materials such as crop residue, 
natural vegetation, trees, animal dung and sewage. Biomass. 
energy or bio conversion refers to the use of this material as 
fuel or its conversion into fuels. 


There are many methods used for the conversion of 
biomass Into fuels. But the most common are 


1, Direct combustion 2, Farmantation 


Direct combustion method is usually applied to get energy 
from waste products commonly known as solid waste. It 
will be discussed in the next section, 


Biofuel such as ethanol (alcohol) is a replacement of 
gasoline. It is obtained by fermentation of biomass using 
enzymes and by decampasition through bacterial action in 
the absence of air (oxygen). 


The rotting of biomass in a closed tank called a digester 
produces Biogas which can be piped out to use for cooking 
and heating (Fig. 4.16). 


The waste material of the process is a good organic 
fertilizer, Thus, production of biogas provides us energy 
source and also solves. the problem of organic waste 
disposal. 





Energy from Waste Products 





Waste products like wood waste. crop residue, and 
particularly municipal solid waste can be used to get 
energy by direct combustion. It is probably the most 
commonly used conversion process in which waste 
material is burnt in a confined container. Heat produced in 
this way is directly utilized inthe boiler to produce steam 
that can run turbine generator. 


veonermal Energy 





This is the heal energy extracted fram inside the Earth in 
the form of hol water or steam. Heat within the Earth Is 
generated by the following processes. 


Ll 


1. Radioactive Decay 


The energy, heating the rocks, is constantly being released 
by the decay of radioactive elements. — ae, 4 Ot): 
~ 2. Residual Heat of the Earth ; 

At some places hot igneous rocks, usually within 10 km of 
the Earth's surface, are in a mollen and partly molten state, 
They conduct heat energy from the Earth's interior which is: 
still very hot. The temperature of these rocks is about 
200°C or more. 


3. Compression of Material 


The compression of material deep inside the Earth also 
causes generation of heat energy. 


In some place water beneath the ground is in contact with 
hot rocks and is raised fo high temperature and pressure. It 
comes to the surface as hot springs, geysers, or steam 
vents. The steam can be directed to turn turbines of 
electric generators. 


At places water is not present and hot rocks are not very 
deep, the water is pumped down through them to get 
steam (Fig. 4.17), The steam then can be used to drive 
turbines or for direct heating. 


An interesting phenomenon of geothermal energy is 4 
geyser, Itis a hot spring that discharges steam and hot water, 
intermittently releasing an explosive column into the air (Fig. 
4.18), Most geysers erupt at Irregular intervals. They usually 
occur in volcanic regions, Extraction of geothermal heat 
energy often occurs closer to geyser sights. This extraction 
seriously disturbs geyser system by reducing heat flaw and 
aquifer pressure. Aquifer is a layer of rock holding water that 
allows water to percolate through it with pressure. 


4 
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Wiiari: Gaale- ple arabia Worcs | Goripeked "Sy: ignding. Wha Haw diver Sta 
See eens: ‘and then taking the sum of works done for all such intervals, 


w= i cast, Ad 


Graphically, the work done by a variable force in moving a particle between two 
oti A esate Hie ateniretey Me one! vareae: @ ounve Hatwnscer Giese. Wa 






When an ott moved nthe ratatina fod of the Earth, the work edo by 
the gravitational foree. The work done in the Earth’ field is in 

of the path followed, and the work done along @ closed path is zera. Such a force 
field Is called. conservative field. 


Povierie derined ps the rate of doing work andis xpressed 





p= ae or P=Fy 


Energy of a body pra conecty to do work. The kinelic energy Is the energy possessed 
by a body dus to its motion 


The potential energy is possessed by a body because of its position In a force field. 
The absolute P.E of a body on the surface of Earth is 


The initial velocity of a body with which it-should be projected upward so that it does not 
come back, is called escape velocity. 


Vac = ee = /29R 
Some of the non conventional energy sources are 
|. Energy from the tides Energy from waves 
Solar energy Energy from blomass 


5. Energy from waste products. Geothermal energy 
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A person baie a bag: oF gricaries wie standin at talking to a friend. A car is 
stationary with its engine running. From the stand point of work, how are these two 
situations similar? 


Calculate the work done in kilo joules in lifting @ mass of 10 kg (ata steady 


velocity) through a vertical height of 10 m. 


A force F acts through a distance L. The force is then increased to 3 F, and then acts 
through a further distance of 2 L, Draw the work diagram to scale. 


In which case is more work done? When a 50 kg bag of books is lifted through 50 cm, 
or when a 50 kg crate is pushed through 2m across the floor with a force of 50 N? 


An object has 1 J of potential energy. Explain what does it mean? 


A ball of mass m is held ata height 4, above a table. The table top is at a height A; 
above the floor. One student says that the ball has potential energy mgh, but 
another says that it is mg (hy, + hy). Who Is correct? 


When a rocket re-enters the atmosphere, its nose cone becomes very hot. Where 
does this heat energy come from? 


What sort of energy is in the following: 

a) Compressed spring 

b) Water In a high dam 

c}) A moving car 
A girl drops a cup from a certain height, which breaks into pleces. What energy 
changes are involved? 
A boy uses a catapult to throw a stone which accidentally smashes a green house 
window, List the possible energy changes. 





A man pushes a lawn mower with a 40 N force directed at an angle of 20° 
downward from the horizontal. Find the work done by the man as he cuts a strip of 
grass 20 m long. 


(Ans: 7.5 x 10° J) 


A ‘fain drop (m = 3.35 x10” kg) falls vertically at a constant speed under the influence 
of the forces of gravity and friction. In falling through 100 m, how much work is done by 
(a) gravity and (b) friction. 


[Ans: (a) 0.0328 J (p) - 0.0328 J 
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45 


4.6 


4.7 


4:6 


4.9 


Ten bricks, each 6.0 cm thick and mass 1.5 kg, lie flat on a table.How much work is 


‘required to stack them one on the top of another? 


(Ans: 40 J) 


A car of mass 800 kg travelling at 54 kmh” is brought to rest in 60 metres. Find the 
average retarding force on the car, What has happened to original kinetic energy? 


(Ans: 1500 N) 
A 1000 kg automobile at the top of an incline 10 metre high and 100 m long is 


released and rolls down the hill, What is its speed at the bottom of the incline if the 
average retarding force due to friction is 480 N? (ans: 10 ms") 


100 m* of water is pumped from a reservoir into a tank, 10 m higher than the 
reservoir, in 20 minutes. If density of water is 1000 kg m’, find 
(a) the increase in P-E. 
(b) the power delivered by the pump. 
[Ans: (a) 9.8 x 10° J (b) 8.2 KW] 


A force (thrust) of 400 N is required to overcome road friction and air resistance in 
propelling an automobile at 80 kmh". What power (kV) must the engine develop? 


(Ans: 8.9 KW) 


How large a force is required to accelerate an electron (m= 9.1 x 10" kg) from 
rest to a speed of 2.0x10'ms” through a distance of 5.0 cm? 


(Ans: 3.6 «10° Nj 


A diver weighing 750 N dives from a board 10 m above the surface of a pool of water. 
Use the conservation of mechanical anergy to find his speed at a point 5.0m above 
the water surface, neglecting air friction. 


(Ans: 9.9 ms*') 


. Achild starts from rest at the top of’a slide of height 4,0 m.(a) What is his speed at. 


the bottom If the slide is frictionless? (b) if he reaches the bottom, with a speed of 
6 ms”, what percentage of his total energy at the top of the slide is lost as a result 
of friction? —~ 


[Ans: (a) 8,8 ms" (b) 54%] 
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CIRCULAR MOTION, 





Learning Objectives 
At the end of this chapter the stusents will beable 10; 


foe es 


Describe angular motion, 

Define angular displacement, angular velocity and angular acceleration, 

Define radian and corer an amale fron radian messure In dagree and Vice varia. 
Use the equation S=r hand y= ru, 


Describe qualitalively motion ia curved path due to @ perpendicular force and 
understand the centripetal acceleration in case of uniform motion in a circle. 


Deneve the equation &. = rw” = rand &,= mo! r= avr 

Understand and Gescribe roment of Inertia of a body. 

Understand the coneept of angular momentum, 

Describe examples of consarvation of anguisir momentum, 
Understand-and express rotational kinetic eneigy of a dine: and @ hoop on an 


Untieretand thot the objects in eatellitss appear to be weightless, 
Underiand that how anelwhyanificiol gravity ie prociaced, 

Calculate the. fadius of gec-statonary orbits and orbital veloxlty of pateiliios. 
Describe Newton's and Ematzin's viens af gravitation, 


} 7 
W. ‘haw studied velocity, acceleration ond the laws of moton, mostly an thoy are 


Invelved In rectilinear mollan. Henveveer, many objects move in circular paths and their 

direction i¢ continually changing. Since valooiy isa yector quantity, this change of direction 

maans that their wekocities are nol constant. A stone whirled around by a string, a car turing 

ae orbits around the Earth arg all examples of this kind of 
on 


oe 





In this chapter we. will study, circular motion, rotational 
motion, moment of inertia, angular momentum and the 
netted topics. 


Consider the maton of a single particle P of massom ina 
cirowlar path of radius r. Suppose this motion ts taking place 
by attaching the particia Pal the end ofa massless rigid rod 
ofengih ¢ whose other end is pivoted at the conire 0 of the 
cirowar path, as shown in Fig, 5.1 (a). As the particks is 
mowing on the circular path, the rod OP rotates in the plane 
of the circa. The axis of rotation passes through the pivet 0 
and is normal to the plane of motation. Consider a systam of 
axes a shown in Fig: 6.7 (b). The z-axie ip taken along the 
axis of rotation with the pivot O as origin of coordinates: 
Axes x and y aro taken in the plane of rotation. While OF is 
Mitating, suppose af any instant f its position is OP), making 
angle & with x<axis.41 later time f+ At let as position be 
OF, making anght 0+ 40 with x-axis (Fig. 5.16). 





The angular displacement A0 is assigned a positive sign 
when the sense of rotation of OP is courtier clock wise, 


The direction associated with AG is along ihe axis of 
fotnton and is given by righthand mule which states that 





Three. units am generaily used io. express angular 
displacement, namely degrees, revolution and radian, We 


Lit 


ane already familiar with the firstwo. As regards radian 
which is Sl unit, consider an arc of jength Sol a cincle et 
radees ¢ {Fig $2) which Sublends an_angle iat the centre 
of lhe elcle. Its value in radians (red) is given an 


_ archangih 
a= ie tad 
s 


Wet 
r 





ral 





oem Rane: RIMGON Goes seucee sae 
ane fevolution of Pn radian ® would be 


$ iW _4, 

r r 
So { revobidion =? pred =380" 
Or trad = 200 ws7.a"* 


The instantaneous angular velocity wo Is the limit of the 
Sb nbiclnscndeerscall rian Aierin la ne ehnendace dara 


In the limit when Af approaches zero, the angular 
displacement would be infinitesimally small, Sot would be a_ 
vector quantity and the angular velocity as defined by 





Fig 


Eq.6.3 would also bee vector, lis direction is along the axis 
ol tation and ls given by right hand rule as desenmed earlier. 


When we switch on an mlectic fan, we mofo that its 
angular velocity goes on incrmsing, We say thet It has an 
angquiar acceleration. We define angulir acceleration as 
ihe rate of change of angular vetoedy, Mn, and im; are ihe 
values of instantaneous velocity of a notating bedy at 
instanis } and i, fhe average anguiar acceleration during 
the interval b— his given by 


The inétanianeous angular aoceleration & (he Geral of Ue 


malin Aas At Bpgrosoches fero. Therefom, instantaneous. 


angular acceleration Bene 
Se aT 


meget ieee) 


The angular acceleration te also a vector quantity whose 
magnitude ia ghen by Eq. 65 and whose direction is along 
the axisoof notation, Angular accslerston ts axpressead in 
unlis of rade” 


Till now we have been considering the moton of a partict 
Pon: elrcular path. The polnt P wae fined at ihe end of 5 
rolatindy masshees: rigid rod. Now we conmsiger the. rotation 
of afigel body ae shown in Fig. 5.3. Imagine a point. on 
fhe niged body Lime OP isthe perpendicular dropped fram 
Poon the axis of rotation, is usually rofemed as reference 
line. As ihe body rotates, fine OP atso rolates with it with 
the same angular velocity and angular acceleration. Thus 
the rotalion of a rigit body can be described by the rotation 
of the reference line OP and all he terns thal we defined 
with the help ef rotating ne OP are alse veld for the 
rotational motion ofa rigid- body, in future while: dealing 








{Oz 


velocity mas shown in Fig. 5.4 (a), 
Imagine a point P in the rigid body at = perpendicular 
distance r from of rotation. OF represents the 


Suppose during the course of its motion, the point P moves 
ihrough @ distance P,P, = \s ina time mterval At during 
which refererice line OP has an anguler Gsplacement Ab 
radian during this interval, 44 and 0 are related by Eq. 5.1, 


AS= rat 
Dividing both sides by af 








ofthe Gircls has a megniiude Vand ts-direction ls always song 
the tangent to the circte at that point. That is why the finer 
velocity of the peint Pi alee kriown as langential velocity. 


Senilary Eq 5.7 shea that Hf the reference line OF is 
ritaling with an angular acceleration a, tha point F will alsa 
havea lear or tengentinl acoderstion m. Using Eq 5,7 it 
can be shown thal te hwo eccolerstions an nolabee! by 


Eqs 5.7 and 6.8 show thaton a rotating body, points that 
ara at daferant distances. from iho axes do mot bine the 
5ame Speed or acoseraiion, but all points on a mgid body 
rotating about @ fixed axis do heave ihe same angular 
dplacement, angular speed and angular acceleration at 
any inglant, This by the use of angular variables we can 
deothe ihe mation of te eniire body ina simple wey 


Equations Of Angular Motion 

The equations (5.2, 5,3, S4-and 5.5) of angular motion are 
axacly analogous to those in finiearomotion except that fF, 
i Bnd @ have replaced &, v anda, maspecivel: As the 
other equations of linear motion were obleined by 
aigpebraic manipulation of these equations, it follows that 
analogous equitions Wi aieo apply to angular molion. 
Given below are angular equations. together wath iheir 
linear neta 


Angular 
kenya ceteecett (Say 
oath =yh 0 Ratlwat of. (6.10) 


sewed a B Hunt +L ative (8.41) 


The angular ee 6.9 to 6.71 heed rue enfy in the 
case when the ass of fotation fined, so thal all the 
angular vectors: hive the same direction, Hence they can 
be manipulahed aa scalars, 





‘Solution: In this protien we have i‘ 
ea0reys", theO f91609 and te? , b=? 
From Eq. 5.4.0 have 


by 08) (0 =3,0) fee oer eve? 
180s 
and fren (Eq :5.71, we hove 


Q=mres at 


= 3000s" ® 160842 (-0.167 rov 2) * (18.0 sf’ = 27 row 





The motion. of a partcle which is constrained bo move ins 
ciroular path quite interesting. It has direct bearing on the 
Mion of-auch things as artificial. and nabiral satellites, 
nuciaar panicles im -aoceteraiors,. bodies whirling at the 
ends of the strings and fywheels spinning or tha shafts, 


We all know that a ball whirled in a horizontal elec al the 
end of a siting would nol continue in a circular padh Wf the 
string le snapped, Garaful observation shows at once thet 
it the siting snaps, when che ball is af the point A, in 
Fig, §.6(b), thee ball will follow lhe straight line path 48, 


The fact is that unless a string or some olher mechanism 
pulls the ball towards ihe centre of the circle with a force, 
ecehown in Fig. 5:5 fa), bell will not continue siong the 
circular path. 





If tha particle mowes from A. to E with uniform speed vas 
shown in Fig. 6:6 (a). the velocity af the panicle changes ts 
Geection bul not fs magnitude The change in velocity is 
shown in Fig. §.6 (b). Hence, the acosleration of the particte: is 


Aw 
'=>— 
AE 


bie 





Fig, E3ia) 





Fig. 257m) 
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where Af is the time taken by the pre to travel From A, to 
6. Suppose the-velociies al A and B ere vy) and vy 
respectively Since the speed of the pariicie iv, so thertimne 
jaken to travel a distance 5. -a6 shown in Fig. 5.6 fa} te 


Af= 


& 





Let us now drive Irangle POR, such thal PO is persiel 
and equal to and PR is parallel and equal ty vy) ae: 
shown in Fig. 6.6 ib). We know thet the nadivs of a circa le 
perpendicular to Bs langent, so OA is perpendicular to vy 
and 08 is perpendicular io. vy: (Fag, 6.6.a), Therefore, anghe 
AQB equals ihe angie OFR between vj and). “Further, as 
w= vy = ¥ and O4 = O68, both biangles are isosceles. 
From -peomeiry, we know “hwo igoscolos triangles are 
familiar, i ihe amgies babveen their equal arms: are equal” 
Hence the tangle OA of Fig.5.6 (a) is similiar to the 
briengle POR of Fig. 5.6 (>) Hence, we can write 


iy AB 


ee ha el 


¥ F 


Hike point Bis close to the point A on lhe-arde, as will be the 
cage when At—* 0, the arc AB is of nearly the same length as 
fhe line AB. Te that approximation, WweLCen write AB = 3, and 
SRersubstihiting and rearranging lars, we heave, 


Ava 5 
i F 


Putiing this value for Wy in te Eq: 5, 12, we gat 





whee oo is the instantaneous acceleration. As thie 
acceleration is caused by the contripetal force, It is called the 

centripetal acceleration denoiad by a. This accaleration ts 
directed along the radiiis towards the centre of the circle, In 
Fig. 5.6 (a) and (bj, sinta PO is perpendicular ia OA ard PR 
ia Perpendicular to OB, a0 OF is perpandiculario AB. Hh may 
be noted that OR is paral to the perpendicular bisector of 
AB. As the acopleration of the object moving in the cirde is 


Tas 


pantie! to ww when AB -> 0, 80 caninpete acceleration | 
directed atong radius towards ihe contre of the cindy, | can, 
iherefore, be concluded that 


The Instantaneous acceleration of an object 


travelling with uniform: As a circho io 
directed towarde tho contre of tho circle and 
is called centripetal 


The ceniripelal force. his the sarny direction as iho 
centripetal acceleration and ite value is given by 


Fem i) 


in engular measure, this equation becomes. 
Fs mr uhaetive (5.45) 


Example § §.2) 4 1000 kg carts tuming round a comer et 
Ome! as itiravels. along ansarc of a citche. |F ibe readis of 
the circular pein ie 10 om, how lenge 8 forme: must be 
exerted by the pavement on the tyres to hold the ear in the 
ciroular palin? 


Solution: The force required is the centripetal force. 


bos) 
z ae ee 
i, -—- ON ee 2 Oe kgre = t.0 etn 
m 


Thit ee mie be supplied by ihe fictional force ofits 
pavenant on the wheels, 
i} 


Example §.3; 4 ball tied to the end of a string, is-swung 
in ® vertical cima of radiite mumder the acten of gravity ms 
shown in Fig, 5.7. hal wil Ge ihe lension in fhe string 
when the bal je-at the point. A-of the path and its speeds v 
at thin. point? 


Solution: For ihe ball to bavel in a circa, ihe force 


acting on tha ball mesh provide tho noquined ceriripental 
force, in this-case, at poent A, twoforces act on ihe ball, ihe 
pull of the string and ihe weigh! woof the ball, These forces 
act.along the radiom-at A. and.so their yoctar sum must 
Furmdah the required canitripetal force, We, teereatone, have 


poy 





Fig. Gd 


The iron F eae rb gerne 
the ade O end ; 
Le ir llaat 
fem pee. 











Conskier a massomatached io tha endofa massiess rod 
as. shown in Fig. 6.8. Let us sssume thal ine bearing at ihe 
pivot point Os frictioniess. Let ihe sysiem bein a horizontal 
plane. & force F is acting on the mass pereeicularto ihe rod 
and hence, thi will accelerate the mass acoording to 


F=ma 


in.doing so the force will cause ihe mass to totale about 3. 
Since tangential acceleration a is related, to angular 
acceleration by tee equator 


‘ap = To 


50, P= nri 


As jurning effect is produced by targue ™, It woud, 
therefore, be tether to wribe the equation for rotation in 
ferme of torque, This-can be done by multiplying both sides 
of the above equation by. Thus 


‘P= t= torque = mro 
which is.rotatonal analogue of {ho Newion's second kiw of 
motion, F = ma. 


ene: F i replicad by: ¢, @ by @ and m-by mr® The quantity 
frig known es the moment of Inertia and is represented by 
i The momen of ieriia plays the same role in angular 
motion as the mass in finear moter. fl may bo noted lead 
moment of Inertia depends not only an mass m but also on r* 


108 


Most right bodes fave differant mass concentration al 
differant distances from the axis of rotation, which muses 
the mass distribution is not. uniform, 4s shown in Fig. 5.9 {a}, 
the Nigkl body & made up of n small plecas of masses 





some g yes men 





My, Ms... Mal distances #;, f,..-4) fram the axia-of rotation O, 
Letihe body be méating with the angular acceleration o 
go (he magnitude of the torque acting on mi 


Ty = yh a 
Semilarty, thee torque on pny ts 

tye Myy ay 
and 60 on, 


Since the body is rigid, so all the masses. are fotating with 
ihe same angular aecetarailon a, 


Total borqueé Tie IB then ghven by 


f Tie = (oe * ee +, pe re é. ne 


=(Sm rye 
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or ve gee bene 
where | la the moment of ineria of the body snd is 
BxpresSe as 


nee : | 
iP Fe, aaa oe (5.17) 
na ® 


We have dimady seen that finger momentum plays an 
important tole in transiaiional motion of beedies. Simibeny, 
anaiher quantity kntwn as angular momentum has 
important rote in fheestucty of rotaliqnal mation. 





Pig. 


The angular momentum L oof a particle of mass m moving 
with veiociy wand momentum p (Fig. 6.10) relative to the 
origin @ is delined ai 


LerkB  cunven | (B48) 
where pis the position vector of ihe particle at that instant 


relative lo bee origin O. ALagullr morentiin Goa yactor 
quanbty. tts magnitude is 


L="p sind = in re sind 


where 0 ihe angle between rand p. The direction of Lis 
perpendicular to the plane formed by F dind p and its sense 
is piven by the ight hand nie of vector product St unit of 
anguiar momentum is kg ma” or de 


WW the particle is moving ina cine of radeus , with unite 
anguiar. valogity 2, then angle between ¢ and Lancpential 
yelocity is BO", Hance: 


i= mn sin so = mn 


But ¥=ri 





Y . hhh Lio 


Hannes Lenn 


New consider asymmetric rigid body robeting aboul afd 
ais throwgh the: centre of mass as-ehown in Fig 5.14, 
Each partici ‘of the rigid body rotates aboul ie same axis 
ine circ wath on angular velocity o. The magniiude-of the 
angular momentum: of fhe particle of mass im, im vir) 
about the ofgin 0, The. direclion of L, ia the ame ae thal 
of nm, Since ae fom, ft angular momentum of the ith 
particts is mir". Summing this over all particles gives the 
tot -angular momentum of the Agid body. 


i 
- L=( 3m re?) o= fo 


Where /e the moment of inertia of the rigid body about the 
axis of rotation, 


Physicist usually make a distinction between. spin angular 
momentum (L,) end orbital angular momenten (L,} 
The spin angular momentum is tho angular momentum of 
a spinning body, while orbital angular momentum ie 
ascoclated with the moton of s body alang a circular path. . 


The difference 16 lihusirabed im Fag. 5.72. Ini thee del 
Srunstances conceming orbital angular memento, the 
orbital padivs-is_ large as-compared toihe size of the booty. 
hanoe, the body may be considered. io be a point object, 


Example 5.4: The mass of Earth is 6.00 x 10" kg. The 
distance r from Earth to the Sun i 1.80 x 10"! m, AS sean 
from the dinsction of ihe Meth Star, the Barth revolves 
counier-clodkwise around the Sun. Determine the orbital 
angular momentum of the Earth about he-Sun, sssuming 


that It (rayerses a circular orbit about the Sun once a year 


be 14 x10'sh, 


Solution: Weld dey Poatk-ahiid Silver worden 
we must first know. fe orbital speed from the given date. 
Whan the Banh moves around acide ef radius rf, It inavels 
6 destance of Zen inone year, jis orbital speed y, is thus 
Peis 
F 


Orbital angular momentum of the: Erith = 1.9 arr 


Ti 





Fay. 257 


. 2am 
‘ T 
2m (4.50 x10" my’ * (6,00 x40"*kg) 
3,16 *10's 


= 2.67 X10" kg ms" 


Ak’s The sign is postive baceute’ the revalion’ Ws counter 


The law of conservation of angular momentum states that 
If no external torque acts on a system, the total angula 
mamentum of the system remains constant, 


Fig 813 his = L, + Ly + ....* constant 


Aman ciing home deng beet — 1 law of conservation of angular momentum is one of 
principles of Physics. It has been verified 
to the subrmnicroscopic level. The 
the jaw of conservation of angular momentum is 
tead@y apparent if 2 single isofated spinning body alters its 
a. This is Mustrated by the diver in 

the 


Fig-513. The diver pushes off the board with a small angular 
| _Paintto Ponder — | velocity about a horizontal axis through his cantre of 
gravity 


, Upon Biting off from the board, the diver’s legs 
and arms are fully extended which means that the diver 
has @ large moment of inertia 7, about this axts. The 


= 


t 





moment of inertia is considerably reduced to a new value 
/, when the legs end arms ere drawn into the closed tuck 
position, As the angular momentum is conserved, so 


1), & FO, 





The angular momentum is a vector quantity with direction 
Linge=p J along the axis of rotation. In the above example, we 
te discussed the conservation of magnitude of sngutar 
_ momentum. The direction of angular momentum along the 


a 

. 

. 
Pps Zo 
ed 
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axis of rotation aleo remain fixed. This ls @ustreted by the 


renga hcg ites 
a 1 “ ij 





This fact is ef great importance.for the Earth as it moves 
around the Sun. No other sixeable forque is expenancad by 
the Earth, because the major force acting on it 1s the pull af 
the Sun. The Earth's ace of notation, therefore, nemains feed 
in ote direction with rateranceto the universe around irs. 


lhe body. Is spinning eboul an axis with constant angular 
velocly m, each poi of the body is moving ina circular 
path and, therefore, has some KLE. fo determine ihe total 
KE. of a spinning body, we-imagina Mf to be composed 
of tiny pleoes of mass ify, my, ...,, fa piace of mass i is 
St a distance 5 from the ats of motstion, as shown In 
Fig, 5.44, itis moving ina circle with spond 


Wao Fp 


Thus the KE of this plese is 





4 
K.E=— mus + 
ze Samy (rani? 


The rotational AJE of tha whole body Is-the sum of the 
kinetic energies of all ihe parts. Go we have 


KE * ; (righty on! © rigs or... } 


= : (rnin? tgs? i le jm 


We at ones recognize hat the quantity within the brackets 
is ihe moment of inerla / of ihe body Henoe. rotational 
kinetic anergy is-grveary by 
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Rg. 





‘Where v ls the orbital velocity and Ais the radius of the: 
Earth (6400 km). From Eq: 525 we get, 


ve igh 


=Vame" 2 ha wig? m 
=7.9 oma” 


This ie:the minimum vetocity necedsary to pul a satailite 
into the orbitand is-callad cortical velocity, The parod Tis. 
given: by 


Bat kn 


2a : 
T= s2nud14% = 
¥ TS ims 





= 50606 © £4 min approm: 


Wf, however, setelliie- in: a-circular-orbil is at an appreciabia 
digtance A above the Earth's surface, we musi take inio 
accuint the experimental fact that the gravitalional 
acoeleafion decreases inversely as ihe square af ihe 
distance from fhe conte of the Earth (Fig. 5.16), 


The higiter the satellite, the slower will the required speed 
and Jonger It will lake to complete one revalullon around 
the Earth, 


Close orblling satedites orbit the Earth at.a height of aout 
400 ken, Twenty four soct satellites form the Global 
Postioning Sistem. Ar-airiine pilot, sailor or any olher parson 
oan now used pockel sige instumenbar mobhie phone to find 
és position on the Earih's surface to within 10en aecuracy, 





te offen her that objects appear ta be waightless in a 
-Spaceship circing raund the Earth. In order to axamine the 
effect in some detail, let Us first define, what do we mean 
by the weight? The real weight of an object ‘is the 
Qravitabonal pullof-tha Earth on the object. Simitarty tha 
weigh of an object on the surface of tie Moon is lmken to 
* bo the: gravitational pull of the Moon on the object. 


Generally the weight of an objectia measured by 2 spring 
balance. The force exerted by ihe obyect on te scale ie 


mts) 


equal fo tho pull due to gravity on the object, ie. the 
weight of thé object, This i nol always Irie, as edi bo 
explained a iitthe later, so we call the roading of the scale 
a5 8p parent weight 
To ilustnate thie: point: lat us consider the apparent weight 
an object of mass nt, suspended by a string and spring 
balance, in a I os shown in Fig. 6.17 (a). When the lift is 
at rest, Newton's second law tefs us tha! the accaleration 
of the onject is zero, the resultant force on fis also zens, tf 
iv is the gravitabonal forse acting on It and Tin the tension 
in ihe- string then we hawe, 

T-w sma 
Ag a= 
hisrice, ee A Bev (5.26) 


This sfluntion will remain solong as a = 0. The scale thus 

shows the raal weight of tha objec. The weagnt of the 

par Rag pereon in the lf to vary, depending on 
mation. 


Whan the lift is moving upwards with an acceleration a, 
then ; 


f-wem 
or Tw tima fe ea (5.27) 


ihe otyect will than weigh more ihan fs real weight by an 
Berrourtel ya 


Now suppose, the lit and hence, ihe object js moving 
downwards with en acomlenstion w (Fag. 6.17 bj, then wa 
have 


w—T=ma 
which shows that 
T=w—- ma ieee (528) 
The tension in the string, which is the seale reading, ' 


lesa. then Ww by an amount fu, To a person in the 


Gccelarating lif, ihe obdect appears io weiph lesscthanm w, 
He apparent weit 26 then (w— ma). 


ie 








Let us mow consider thal the ft is falling freely unaer 
prawity, Then @ @ 9. and hence, 


Tew = mg 
As the weight w of the body is equal to mg so 


T=mg—img=0 
Your apparent Wale : . The apparent weight of the object will ba shown by the 
your Tae 


r stale to be zero, 

ilptegegu eam ‘ 

are aril upc hearer! it i understood from these considerations thal apparent 
weight of the object ia nal equal io lis twe weight in aA 
accelerating system. It i equal and opposte bo the form. 
required to stop it from falling on Uhal frame of reference 


When-a satetite is: falling freely in space, everything within 
this realy falling system will appear tobe weightless. It does 
not mater where the object is; whather it is fling under the 
force of attraction of ihe Earth: the Sun, or some distant star. 


An Earth's safollite- is freely falling objecl The statement 
may be surprising al first, but itis easily seen tobe cormect. 
Consider tha behaviour of a projectile shot parallal to the 
horizontal surface of the Earth in the absence of air friction, 
if the projectile i@ Ihrown at successively larger speeds, 
then during Ike free fall io the Banh, the cumiahene of the 
path decreases with increasing bonzontal speeds. If the 
obect le twown fast-eanough parallel io ihe Earh, the 
cunvalune of iis pathowill match the curvaiure of the Earth 
#8 shown in Fig. 6.78: In thes: case ihe spaceship wil 

| simply cine round thee Earth. 

! 


The space ship is accelenaling jowards the centre of the 
Earth al all limes since 4 orcles round the Erin. 0s rece 
accaleration.is simply g, the tree fall acceleration. In taal 
the spece ship is falling twards the centre of ine Earth at 
ali ihe fires: bul dus to cphencal shape of ihe Earth, a 
never sinks. the surface of the Earth. Since: ine space 
ship te in freefall, all tee objects within Wappedr in be 
woightess, This no force is required to hold an abject 
falling in’ the frame of reference of thecspace “craft or 
satelite, Such a system is called gravity ree systern, 





“ 





Fig 4a 


The Earth and some other plats: moive found ihe Sun 
in nearly clroular pathe, The anificial salallites launched by 
men also edopl meaty circular course anound the Earth, 
This type of motion is called orbital motion 


Fig: 5.18 shows 8 satellite gomnq ound the: Earth in a 
circular path. The mass of the eatellite iam, and v is Ms 
orbHal soged. Tha mass of the Earth ki Mand Prepresetis 
the tadius of the orbit A centripetal force my ir is tequined 
io bold the satelite In arbi This fonce is providact by the 
gravitational force ofaliraction between ihe Earth and the 
saltelie Equating the gravitational force to the required 
contiaeial force, gives 











Gan, A r if, 
ies Fig 118 
or va ee) cay ane (5.29) 


r 


This shows (hal the mass iol the eatellite is unimporant in 
describing the satellite's orbit, Thus any saleilite crbttong ai 
éistance - from Earth's centre must have the oii speed 
given by Eq. 6.29. Any speed tess than this will bring.the 
satetite tumbling back to the Earth: 


Example 5.6: An Earth satellite is in circular ortit at a 
Gistance of 384.000 km from the Earth's gurface. What is is 
period of one revolution in days? Take mars of the Earth 
M=6.0 «10h and iis rads R= 4100 km 


Selution: 
Ag re Ae he (6800 © R000) = 390400 km 
ae [Gh Ber x10 Minky x tO" 
r 
= 7.01 km” 


Alea 
r= 





_ thay 
i? arty "$0 xidnads 


= 2F 4daye 


22 43, 14-43004000 or — 





14 


ina gravity ree space satellite there will be ne force that 
will force any body to-any skie of the speacecraf. If itis 
sainllite is bo ebay in orbit over an extenced period of time, 
. this. weightesensss may affect the peremance of the 
asironaue present in that spacecrat. To over come tne. 
difficulty, an artificial gravity is created in the spacecraft, 
This could enaiie the crew of the spaceships to function 
ino on alnost normal manner For this eituabon to prennail, 
| the space ship is srl inko motelign around Hs own axis. Fhe 
Fig, 20 astronaut than is pressed towards the outer rim and exerts 
@ fotem on the ‘feo’ of the spacestan in muchihe sare 
way as on the Earth. 

Consider a spacecrf of the shape as shown in Fig. 5.20. 
The cuter radius.of ihe spaceship is Ao and it rotates 
around iis oan contral axis with ompular speed i, heen its 

angular accelaraton 2. Ie na 

a, = Re 


: 23 
Butea - = where Tis the period af revolution of spaceshin 


f2ep oan* 
Henne 4: =F eat Rat 
As imquency f= 1/7, therefore a, = Fan? PF 
Ee tove. re i 3 
* f ah i P=onlR 


The frequency ! is increased to auch an extent that a, 
ies tog, Thensfors, 

a, "9 

_1 Ig 

and fase es (5.20) 
When te space shin mtatas with this frequency, the 
artificial gravity like Earth is provided to the inhabitants. of 
ya «= the Space ship. 
what 


cseccccis (148 (GEOSTATIONARY [ORES lll 
the coprriripevind torre rine? fa kung 
he Ohpen! canes on aonb pert, An : exe ol un is the 


Qec-synchronmms of geo-stabonan sebeiiie, This typa of 
Saletite is the one whose orteiel motion is synchronized with 





an 


{ho fotafon of tho arith, In tits way the synohronous 
satelite famains always over ihe same poe on fhe equalor 
as the Earth eping.on ile axis. Sasch a satellite ie very useful 
for owofltwide commiunicalion, woadhor .cbservalions. 
navigalion, anc other maitary ised, 


What should the oriial radius of such @ sateliit# be ao (rest 
it could stay over the same point on line Earih stiface? The 
speed necessary for the crcular orbit, given by Eq. 5.29.0 


Gi 
F 


but this speed mist be equal in the average epeed-of the 
Raheie in ore chay, |e, 


vie 


yet 2m 

iw f 

anata T ie ihe period of mvctuiion of {he satellite, hed is 
equal-io one day, Thiemeans tat the satelite mus! move 
invent complete ofbilina lime of exactly one day. As ihe 
Earth moiaies In one day and ihe satellite will tavatad 
atound ihe Earth in one day, ihe satelite at-A will abways 
Shay over ihe sane point Aon the Earth, a5 shear in 
Fig. 5.21, Equating the above two equations, we get 


aw _ [6M 
t F 


Squaring both sides 








afr’ GM 
ee a 

i 

ee SMT 
an? 


From thie we oet the orbital radius 
ail 
el pal ig aut (5.31) 





Sebsiiuiding the valums for ihe Earth into Bq. $31 we get 
r=423-x 10 km 








A pecebtionaty eateilin orbs the 
Ean -ne piers tie ower. the 
fit ac FE appear in - be 
Story, fs used new ler 


Binal ined cotirmrinliens 


Fig. ze 


The whole Earth can ie covmnel 
by just three | goo-alatimeary 
aera. 





Tere = ti" He 


Solution: 


which ts the octital radius maxsured fram the Genie of the 
arth, for a geostationary satellite 4 satellite at this maight 
will abaya sty direcily above a pariicular point on the 
surface of the Earth: Thés. height above the equator Comes 
lo be 36000 kr. 





A, satellite communication syshem can be set vip by placing 
several qecetationsry eateililas an orbit over different poete: 
on the surface of the Ear, One such satellite covers 120° 
of longitude, so that whole of ihe populated Earth's surface 
tan be covered by three correctly positioned eatedtes as 
shown in Fig. G22. Sings these geostallonany catelbies 
seem to hover over one place on the Earih, confueus 
Gommunicatian wih any place onthe eurace of ihe Earth 
Can-be made. Microwaves are used because they travel ina 
narrow beam, ina sireight line and pass easily through the 
aimosphere of the Earth, The energy needed to ampity and 
retransmit ihe sagnas is provided by lange solar coll panels 
ited on the eaieliiias. There are over 200 Earth stations 
which transmit signals to satelliies and receive signals vis 
etollites from other counines. You can als pick up fhe 
sagnal irom the satelite using 2 dish antenna on your house: 
Thee larges! sabellite syaierm 8 managed by 126 countries, 
injemetonal Telecommunicabon Saltetiin Organization 
(UNTELSAT) An INTELSAT Vi satellite is shown in the 
Fig.5.24. (operates sal mictowawe trequences of 46,71 and 
14 GHz and hase capecay of 30, G0 two way tetaphone 
nircuits plus three TY charuneis. 


Example 5.7: Radio and TV signals bounce from a 

synchronous satetite, This satellite croies ihe Earth once: in 

2d hours; So iW fhe: satallite orcles wastward above the 

juater, it staye over the game apot on the Earth because 

) Earth is rotating at the Same rate. (a) What ls the orbital 
denies a synchronous satellite’? (b) What is is speed? 


> Lae 
oe S' 


mtg? ir 6.0 x 10™hg 


% 
FromEg 5.31. 


where B= 









=~ > i” 5 
DN kg 48.0 10?" NLD nA WG 3 
sch eay" ; 


=n a fe 
= 4234 10%m 7 
b) —-Substituling the value af rin equation © 


hie 


Wee 


Dad my ey: dee 
=D 
0 Beas 


Acomding bo Newton, the gravitation @ fhe intrinsic 
property of matter-that every particle of matter attracts 
event other particle with a force that is direcily proportional 
fo tha product of their masses and is inversely proportional 
to the aquare of the distance bebveen them, ‘ 


Acoma to Einstein's leery, space lin is curred, 
especially locally near massive bodies. To viswnlize thin, 
we might think of space as ecthin rubber shee: fa heavy 
weight bs hing tron A, i curves ae shown in Fig 624, The 
weighl comespomis toa huge iiass that causes space 
self to cure. Thus, in Einsteins theory we do not speak 
of the Tornoe of gravity acting om bodies: instoad we say bran 
bodies and light rays move-along geodesics (equivalent io 
siraight linas-in plane geometry) In curved space time 
Thus, 2 body ad nestor moveng slowly meer the greal mass 
of Fig: 6.24 would fodowe-geodese: foward that body. 


Einsisin’s theory gives us a physical pecture-of how gravity 
works; Newion discovered ihe inverse square law ol gravity; 
but explicithy said that he offered no explanation of why 
Gravity should follow-an inverse square law. Einateans theory 
Blo saya Thal orally Bollows an Inverse square law (except in 
strong gravitational fiefs), but it falls us why this should be 
po. That is why Einstein's theory. is better than Newion's, 
caren theegh i induces Newion's theery within Haat and 
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givas ihe same enewers.as Newton's theory everwhere 
ecoenpl where the greavitaional field is very strong. 
Einstein inferred that if gravitational acceleration and 
inertial acceleration am preceealy aquevaient, gravity mast 
bend fight, by a precise amount that could be calcutated. 
This was not enliraly-a Steriling suggestion: Newton's 
iheory, base) on the idea oof light a6 a stream of tiny 
particles, also suggesiad thal a Bght beam would be 
deflected by grnvily, But in’ Einstein's theory, ihe 
defection of light & prodiced to bo execly bwice a4 
Greatest ls according io Mewlon's theory. When ithe 
bending of slarlighl caused by the gravity of the Sun 
wale feeauned during a-sclar eclipse in 1918, and found to 
match Emnatein's prediction rather than Newlon's; then 
Einstein's theory was hailed as a scientific trumpt, 

Angular dis De canent ene angle subtended al the centre of a cinch by a particée 

moving along the circumference in a given time. 

‘Sl unit of- angular measurement is radian. 

_ Angular accMeration it the nate of change af angular vetocity. 

“Relationship between angulqr and tangential or linear quantities. 

“A eer vest yee , 

‘The force needad to move a body mrourid a circular path fs cailhed centripetal force 

and fs calculated by the expression Fam = 0 

Moment of inertia isthe rotations! analogue of hase in Beisat malian, ft depents on 

the mass and the distribution of mass from the asts of rotation. 

Angular momentum fs the analogue of linear momentum and is ‘defined as the 

product-of moment of inertia and angular velocity. 

Total angular momentum st all ihe bodies in a system remains constant in the 

absence of an 2; 

Artificial satellites are the objects that crtitarvand tee Earth due to ark 

“Orbital velocity is the tangential velocity to put a satalliie in orbit around the Earth. 

“Artifical gravity is the gravity like effect produced in an orbiling spaceship to 

“overcome weightlessness by ‘spinning the spaceship about its own xls: 

Geo-statlonary -satollitn is the one whose orbital malian is synchronized with the 

rotation of the Earth. 

Albert Einstein viewed gravitation as a space-time ourvalure around an object. 


Ii4 


eps 
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5,7 
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Explain the difference between tangential velocity and the anguiar velocity, (f one of 
these 6s given fora wheel of known nadie, howwill you find tha ottar? 


Expagin what is meant by eet iad and winy it must be fumished to on object i 
the object is to follow @ circular pabiy 


What at asa eran fe significance. 

Wirt fs meant by angular momentum? Explain ine taw of conservation of angetar 
momentum. 

Show that orbital angular monventuen bare, 

Bescite whal should be the minimum yulocity, for a saiallite, bo orbit icisse to the 
Earth around it, 

Stabe ihe direction of the fofowing vectors in aimple alhiations; angular momentum 
and angular velocity, 

Expiain why an obgrct, orbiting the Earth, if said to be fresh) failing. Use your 
eapldnation to point out why obiects appear weightess under certain circumalances. 
When mud fiae of the tyre of a moving bicycle, in what direclion dogs if fy? 
Explain 


§ 104 diecand a hoop start moving down from the top of an inclined plane at the-same 


ima, Which one will be moving faster on reaching tha botiom? 


51) Why ddes a diver change hes body positions before and-aflor diving in the pool? 
52 A student holds hwo dumb-balle with streiched arma while sitting.on 6 tum table. He 


5 given a pudh unill beds roteling al canein angular velocity. The etuctant ther pulls ttm 


dumb-bets towards his chest (Fig. 525} Vira wall be the fect on rate of rotation? 


‘iy os =f toy 


Vig. 29 


£3 Explain how many minimum number of geo-slationany satoliiios ane required for global 


cowmrage of TV inaneméssion 


BS 


54 


53 


54 


6.5 


56° 


5.7 
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A tiny laser beam is directed from the Earth to the Moon. If the beam is to have a 
diameter of 2,50 m at the Moon, how small must divergence angle be for the 
beam? The distance of Moon from the Earth is 3.8.x 10%m (ane 6.6.x 10° rad) 


A gramophone record tumtable accelerates from rest to an angular velocity of 
45:0 rev rnin in 1-608. What fs ts average angular accelerabon? | 4. 4 a 


A body of moment of inertia / = 0.80 kg rm’ about a fixed axis, rotstes with a 
constant angular velocity of 100 rad 3", Calqulate its angujar momentum L and the 
~ on (Ans: 60 Js, 0) 


Conskter the rotating cylinder shown in Fig, 5.26. F 
Suppose that m = 5.0 kg, F =0.60 N and r=0,20 m. 
Calculate (9) the torque acting on the cylinder, (b) the 
angular acceleration of the cylinder. 

(Moment of inertia of cylinder = } mr’) 







Fig 526 


(Ans: 0.12 Nm, 1.2 rad 8”) 
Calculate the angular momentum of a star of mass 2.0 x 10” kg and radius 
7.0 x 10° ken. If it makes one complete rotation about its axis once in 20 days, what 


\s its kinetic energy? (Ans: 1.4.x 10" Js, 2.5 x 10""J) 


A: 2008 halt Sse AB anes At 144 Wn FY: found @ curve of radius 160 m: 
Kine ; m" (Ans: 1,60 x 10° N) 


What is the least speed at which an aeroplane can execule a vertical joop af 1.0 km 
radiive $0 that there will be no tendency for the pilot to tai down at the highest point? 
(Ans: 9 ms") 
\eodhas cnipitiant Amaia Neg Digs ecaneek sian iy igparzt bine 
parteriptec lela ec sR ep tiarnne Bl ci ea orig Ronen Peg 
orbital angular momentum. (in this case, uns Bar ish ae beac eritinn 
are), Connie peers) te Fae) on) Oe Meee eae» Ae Radius of the 
Moon js 1.74 x 10° m, (Ans: 8.2.x 10% 


The Earth rotates on its axis once a day. Suppose, by some process the Earth contracts 
50 that its radius is only hall as large as at present. How faat will i be rotating then? 


(For sphere /=2/5MR"). (ane the Earth would complete its rotation In 6 hours) 


5.10 What should be the orbiling speed to launch a satellite in @ circular orbit 900 km 


above the surface of the Earth? (Take mass of the Earth as 6.0 x 10° and its radius 
96 6400 fon). (Ans: 74 kms") 
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Chapter 6 
Learning Objectives 


Ad the: ened of tts chapter the shuchents will be ale 16: 


(. Understand that viscous fondes in a fluid caves a ratarding fore on ar abject moving 
through it 


2 Use Stokes’ law to derive an expression for arminal velocity of aspherical body 
falling through & viseous fluid under laminar conditians 

4. Understand the berms steady (lenin, streaenline) Nowe, incompreasitie fla Ren 
viscous flow as applied to the motion of an idesal Muyiel 

i, Appreciate thal at @ gufficiantly high valocity, {he flow of viscous Nuid undenjoas a 
transition frory larnénar to turbulence conditions, 

5 Appreciaie the equation of continuity Av = Constant for the flow of an ideal and 
incompressible Puna. 


é Apress {hat the equation of continuity is & form of the principle of conservation of 


7 asus Ge pressure differance can arise fram different rats low of a 
fluid (Bernoulli affect), 

& Derive Bernoulli's equation inform P+ Saw + egh = constand, 

0 Explain how Bennoolll effect is apalled In the filler pump, atomizers, if the 
flew of nit over an aerofoil, Yanturimeter ond in Sood physics. 

19. Give qualitative nxplanationstor the swing of a spinning teall, 


B.. Bludy of fuids In. monon in velaivery comphcatad, but mnalyss can bo simpiied by 

making 4 few aesumetions, The analysis ts further simplified by the wee of ten importer 
conservation principles: the conservation of mass and the conservation af anergy, The law of 
conservation of mass gives is-ihe-yqualion of cominuty while the lw of corsenvaton of 
onengy is the basis of Berncull’s equation The aquation of continuity and the Barnoullls 
aqumlion along with Cer apollaetiona ingeérediane and blood eroulatorarediseussed |r tha 
ohapler 


2 





The fictional effect between diforent layer of a Rowing 
fluid 15 deseribed in terms of viscosity of the fied, Viscosity 
Massures, how much forte is required to slide one layer of 
the iquid over-anather layer Substances that.do not fow 
easily, such ag thick tar and honey etc; have large 
coaficiants of viscosity, usually denobed by greek latter's’. 
Substances which flow easily, like water, have small 
coeficients ot Wecosiht Since liquits and gases have non 
zero viscosity, a force ia required Wan object is io be 
mowed through ihem, Even the small viscoelty of the air 
mers a large retarding foroe on a cer as il irawels at high 
seed. Woyou sick aut your hand oul of tee window of a 
fest moving car, you can easiy necognize that considerable 
force has fo be aseriead on your hand to move it through the 
air, These are typical exametas of the following fact, 


An object moving through a fluid expariences s 
retarding force called a drag force. The d 
Increases as the spaed of the object | Te 





Even in the sanplest cages ihe exact value of the drag 
force ic deficuil Io calculate, However, the case of a ephere 
moving throagh a Aued i of renal importer, 

The drag fore Fon a aphere of radius rmoving slowly with 
épeed ¥ hrough 2 fis of viecosity 1 a given by Stohee® law 
a6 under 


Rem eiatieis (a4) 
At high speeds ihe forod is no longer simply propochional to 
speed, 





Consider a water: droptol such 2s thal of feq Salling 
vertically, the air drag ‘on the water droplel mecreases with 
epeed. The droplet scoslerstes rapidly’ under ihe over 
powering force of gravity which pulls the droplet downward. 
Hiewewer, the upavard drag force oon-it increases as the 
spetd of the droplel increases. The mel forse on) the 
droplat is 
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An ie speed of ihe droplet continues Io increase, the drag 
foros -eveniuely approaches the weight In the magnitude 
Finally, when the. magnitude of the drag forse becomes 
equal to the weight, the net force acing on the dnapbol is 
Zero. Then the droplet will fall with constant speed called 
jerminal velocity, 

To find the terminal vafocHy vin this case, we use Stokes 
Law for the drag force, Equaling & to ihe weight of the 
drop, we have 


mg = 6 mnyry) 


Th ee 
—_ ‘ ‘ 





The mage of the droplet is pv 
where volume "= : (ery 


Substihuting this vale it Ihe ebive equation, we get 





Example 6.1! A tiny walar dropiet-of radius 0.070 em 
dasonnds through alr fom a high building. Calowais Rs 
terrninal velocity. Given that for aie = 19 x 10 kg ms" 
and density of water (= 1?o0 sige”, 


Solution: 
F=1.0210%m, P= 1000kgm", Ye 1s 10% kg ms 





Putting the above values im Eq. 6.4 


_ 2888s x (1910 mj e100 kgm 
OS 19010 kgs? 


We'get Terminal velocity = 11 me’ 





{hb} Tuebulane Pica 


Pig a 


For Your tiformation 





62 FLU FLOW 


Moving fluids are of great importance. To learn about the 


behaviour ofthe fluid im motion, we ooneiter thelr Bow 


ihiough the pipes. When a fluid is in motion, its flow car be 
A@iheretreamline of tufbulant, 





in this case each panicle of ihe fluid moves along a amooth 
path called a streaming as shown in Fig. 6.1 (a) The 
diferent sieamlings- can nol Grad each olher This 
condition is called steady flow condition. The dinection of the 
Streamlines is the sane a ihe direction of ihe velocity of the 
fluid al thal pow. Shove e certain velocity of the fui flow, 
the motion of the fluid becomes unsteady and bregular 


Under this oondifion the velocity of the fluid changes 
sboupty as shown in Fig-6,7 (ib) in thes case the exact path 
of ihe pee of the flux oan nod be predicted: 





We can understand many features of the fluid in motton by 
considering fhe behaviour of a fluld which satisfies the 
firéowing conditions 


The fluid is: non-vwecoug |e, there & no Titernal 
frictional fone bathween adjacent layers-of fluid 


The fluid is incompressible, i.o., Ae densily & constant 
The fluid motion is steady, 


6.4 EQUATION OF CONTINUITY = 


Consider. fued fiewwing ineugh2 pipe of non-uniform 09 
The particles in ihe fluki move along the streamlines in a 
stead stale flow as shown in Fig. G2. 
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In a -small ime At, the fluid at the Jewer ene! of the lube 
moves a distance 43), wilh a volooity v), Acis-the area of 
erase eoction ofthis end, than the mess oof fhe: fluid 
contained in the shaded region be: 


Am,= pis ar: = pret EAt 


Where 2) is the density of tha fluid, Similanty the fukd thet 
moves Wilh velocibt > lhraugh the upper end of the pipe 
fafea of cross fection ly) in the sare time AL hes a mess 





Amy =SrAgeeeal «a =— 4 


ithe fuid fs intormpressibnia and tha flow ls steady, the Pip El 
mass of the fluid je conserved. Thatis, tha imass thal flows 

into-the: batbom of the pipe threvgh Ay in a tine At imusd be 

equal io mis of the liquid thal fows out through A; ithe’ + 

sama time. Therelore, 


TD) ry 
or Palit = PAsvy 


This equation is callad the equaiion-of continuity, Since 
density is constant for the steady flow of incompressible 
fluid, tha equation of continuity becomes 





Example: 6.2: 4 water hose wilh) aniniernaldameter of- 
20 mm at the ouitiel discharges 30 kg of water it 60s 
recipeaenilnde al accel ullh ars reas ig 


obwaleris (000 kgm anc tis fow-ia-steety, Ab lin emer Tele: ee apne 
Solution: a petptresce sinter mera 
eur 


Maes flow par second = “ =0.5.kgs' 


(Crees sectiwial area’ A = er? 





As the fluid moves ihroagh a plpoool warying cross Becton 
end eight, the pressure will change along the pipe. 
Bernoulll's equation is ihe fundamental equabon in Mud 
thmamics that maates pressure to fluid speed and height. 


In deriving Bamoulll’s equation, wo assure Bhat the fuld bs 
incompressible; non viscous and flows in a steady state 
manner. Let us consider the flow of the fluid through the 
pipe in time fas shown in Fig. 6.2. 





oO, é 
6 
a . 





The fore on ihe upperend of the Guid is PA, wher 7) ihe 
prescureand Ay lethe-area of cross section al ihe upper 
etd. The work done on the fluid, by the fluid bahind i, in 
moving & through a distance As), will be 


Wy = Faw = Ppa aay 
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Similar ha work done-on the fluid at the keer ond is 
Ve =-F; Avs = = PyAp Ads 


Where P, i ithe preaseure, Ay is ihe area of cross section of 
lower end and Ax, a the distance mover try fe Aoi in the 
same me interval {| Tie work W415 ieken to be —-ve as 
this work is dome againat the fluid force, 


The hel work-dona = Wea by = My” 


















re eS lire Tea hittian 


It vy 8nd Ve are the velocities #t the upper and lower ends 
nespecthely, than 
Wee Pads ea — Payal 
From equation of continuity (eguelion 6,5) 
Aas = App 
Hance, Aye i= Ap, ate 


yi (Vaan as: at 
So, wehave d 


ifm is tha mass and ¢ is the density then ¥ = “ 


36 equalion 6.7 becomes 


Part of this work le ufiiteed by the Tuad in chemging its KE, 
a a gc aehctip gia RE. 


salina fans cae wie ic arora serscnf 
ands respectively, 


Applying. the law of conservetionsof energy to ths, volume | 
Of Bhs failed, tae epee 
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rearranging ihe equation (6,11) 
Pit pv: * pghy = Pot s0ME * poh, 


This ie Bemoull's equation and ts often exposed as: 











Ormpoettt Theoerean 

Asimpie application of Bemoulli's equation & shown in 
Fig. 6&4. Suppose a large tank of Guid has: two: mall 
offices A ani Bon if, as shown lin the figure, Let us find 
tet apeed with which tine water flows from the onfice A. 
Since he orifices ara-so-small, the efflux speeds vy and vy 
wil be much tanper han the speed v, ofthe top surace of 
water. We can therefor, take 4 as approsimalely nero. 
Heros, Bemoulli'’s equation can be written es: 


P, + poh = Py + so + potty 


Bui P,= Py= almoaspheric pressure 
Therefore, the above qquarion beoores 









This is Tanicelll’s Inaanem which states thal; 





Notice that the speed of the efflux of liquid is the same as 
the speed of a ball that falls through a height (hy - fs). The 
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tevel of the tank has moved dow a litle and the Pe 
in ranstermed imo AE. of the effin of fu. if thio 
PLE wale chow te auld We ee ote: Fig. 8.4, < 





A result of the Bernoulli's aquation is that the girassure will ® @. 
ha low whare the spoed of the fluid ts high. Suppose that. Os, 
water flows through a pipe fyster as shown iin Fig, 6.5, * Ses ress 
Cleary, the water wil fow faster at B than itdoas atAorC. ©) — ie 
Assuming the flaw speed at A to be 0.20 ms" and at B to be 

2.0 ms’, we compare the pressure at 8 with that ai A. i Te 


"Applying Bernoullts equation and noting that the average 
PE, is the sama at both places, We have, 





Substituling «020m , My = 20 ner? 


And 0 6 1000 kgm 
We gat: Py Pa= 1980 Nm? 


This sows that, the pressure inthe nemow pipe where 
Siernlings ane closer together is much smaller inan in the 


The fift.on an aeroplanes due to this-effect: The Gow of air Al 
sround an seroplane wing §s fustrated in Fig. 6.8, Tho wie ie 


Gesigned to deflect ihe air so thal sirmandines arm coger 
together above the wity than below if. We have seen in 
Fig.6-6 that wharn the Sirsarninss are-foroed closer iogeiher, 


(the speed is faster, Thus, ai ls iravelling faster on the upper} 
side of the wing than on the lower. The pressure will be iowar "as 
atthe top of the wing, and the wing wil ba forced upward, - 


Similarly, when a tennis ball is ha by & racket ineuch-a way 
that iE spins as.woll as moves forward, Ihe velocity of tha 





i) 


buh bh 











air on one site of the ball increasnas (Fig, 6.7) due lo spin 
and air-epeed inthe same direction as.at Band hence, the: 
pressure decreases. This gives an exira curvature to tha 
ball known 28 awing whieh deceives an opponent player 





I one of the pipse has much emalier diameter than the 
other, aa shown in Fig. 6.8, we wrile Bemoullls equation in 
amare convanient form. fis assumed thal the pipes are 
horizontal so that egh fons beoome equal and cin, 
therefore, be dropped. Then 


= git = BH Wt) yee (8 18) 


As the cross-sectional area A) is srnmll as compared bn the 
ares A), than from equation of comlinuiby vp = (Aig ,) wy, will 
be emall as compared tov; Thus for flow from a large pipe 
to 3 small pipe we can neglect y; on the night hand side of 


PP SN en (68) 


This da iormnant sea anhalt relation, mncinepapennparsnening 
miler, devices used lo measure speed of [quid flow. » 


Example 6.3: Water flows dows hill through a closed 
vertical funnel. The flow speed at the iopis 12.0 cms’. Tha 
flow speed al the botiom Is twice the speed at the top. il 
the funnel 40,0 cm kang and ite pressure at the top is 
4.012 210° Nim, what is the. pressure at the bottom? 


Solution: Using Bemoulli's aquation 





P,+ ght pve = Py + Poh * fet 


is P)=Pybogh+ 3 9 (vi ~¥3) 


“where f= hy - hp= the length of the funnel | 
Pr = (1.073 x 10° M*) + (1000 hago = 9.8 ms” x 0.4m} 
+ 1J-(1000hger9) x ((0.42m5")- (0:24 ms} 


= 05 x40" Nmi* 
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A, glethnosenpe getects the instant af which the external 
pressure becomes equal to the systolic pressure. AL this 
point the fire surges of blood flew through fie mamow 
Sricture produces @ high flaw speed. Aca result the flaw is. 
initianllyy turteubeertt. 

Ae the pressive drops, fhe-extemal preisum eventually 
équals ihe diastolic pressure. From this pont, the verse! 
Ag leager collapse during ary Porton of fhe flow yoke. The 
flow switehes-tnom furbulent-to laminar, and the gungie-in 
tho stetheecope disappears. This is the signal to record 
diastolic pressure. 


(An obpect moving throwgn ae fluid experianses | retarding force kreewnae-drag-fiece: 
It increases ga fhe epeed of onject Incneases. 


Asaphere of fede removing witht speed v through a fluid of viscesily 1) oxperineces a 
viseous diag force F given by Stokes’ law F = da nry, 

The Mmakiniin and constant wetocity of an object falling vertically Gownwaed is called 
fenminal velocity. 


An icheal fluid le-incompressitte and has no viscosity, Boh ait ond water at how 
spotds approaimate to ideal fluid behaviout, 


in laminar flow, isyvers of fluid side-smoothly past mech other 
In turbulent Row fen is greal disorder and @ comatently changing Row pattern. 
‘Conservation of mass in ain incompressive fluid is-expreassad by the equation of 


‘i COMlnUie Ais Ade. = _conatant 


Applying the sof conservaBon of machanical enargy tp the steady flowweol an 
ideal fue leads to Bernoulli's equation. 


P+ + pv? * ply = constant 


The effect of the decrease In pressure with the increase in speed of the Nuid in a 
horizontal pipe is known an Venturl effect. 
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Blood ie an ineompressible fluid having a canalty meaty 
equal to thal of waber. A high concentration (50%) of red 
blood onlls increases ils viseosity from three be five times. 
thet-of water, Blood vessels.are nod rigged, They stretch fke 
a mubber hose. Under normal ciraunsiamoes fhe volume 
of ihe blood is sufficient to keep ihe vassals inflated at all 
times, ever in the relaxed steie between heart beats, This 
mans there ig tension in the walle of the blood veasets 
and consequently the presaune of blood) Inaide is greater 
then the oxfornal otmospheic pressure. Fig. 6-9 shows 
the vamiation in blood pressure as ihe heart beats, The 
pressure Varies from a high (sysiolic pressure) of 120 tor 
(Vior = 133.3 Nm“) toca bow diastolic pressure) of about 
7To-80 tom between beats in normal, healthy person. The 
numbers tend jo increase with age, corresponding bo the 
decrmase in dhe Texibility of ihe vessel walls. 


The unil ter or min of Hg ie opted instead of Sl unit of 
pressure because ol ils extensive uae in medical equipment. 


An instument called a sphygmomanometer measures 
blood pressure dynamically (Fig. 6.10}. 


eaeeeEE 


j euaeUal 





Fig 8 


Pap Ge 


An infatakde beg is wound-earound the ennoof a pagent and 
oxfomal preseure on the ann is increased by inflating the bar. 
The effect Is by squeeze fee arm and compress fhe blood 
yeasels inside. When the extemal pressure applied becomes 
larger than the sysiolic pressure, the vessels collapse, cufling 
off the flow of the blood. Opening the release valve on the bag 
gridually decreases the bxtelnal pres 
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(1 Exptaie whit do you uncorstand by the term viscosity? 
£2 Whal & meant by drag foros? Whalare the faciors upon which drag foron acting 
Upon @ srmiaa ephere of radius r, moving down through a liquid, diapered? 
© Why fog dreplete appear. to be suepenced In air? 
*. Expisin the difference between laminas flow ane turbulent flow, 
© Suve Bemoull's relation for a liquid in motion and describe same of |ts applications. 
(A person is standing neata feat moving train. (6 there any danger that he will fall 
towards 17 
7) Identity the comect answer, What do you infer from Bernoulli's theorem? 
)) Wherecthe speed-of the fluid ie -hightine prassure will be: bw, 
Where the speed of the fluid le high the peessure ie aleo high, 
This heoren is valid only tor turbulent flow of the fquiel, 
£5 Two row borin moveng paraiiél in ihe gare cieclion are pullad towards each other. 
lain 
“E) Sy Snes WASP a rs lv Cacao 
10 Explain the working of a carburetor of a motorcar wiseng by Barmcalll’s principle, 
01) Forwhich position will-the maximum blood pressure.in the Body have the: smaiest 
Mit (a) Standing up right (6) Sitting (¢) Lying horizontally (4) Standing -on‘ one's 


(21h an orbllng Space station, would fee blood pressure in maejer arteries in the beg 
fiver be. greater than the blood pressure in major arteries in ie neck? 





HUMERICAL PROBABLE 


0) Geman globular pn particle has a density of 7246 kg m7. li faBs through pure 
water (ry eB0x 107 | with @ lemming! speed of G0 em fh. Find the radius. of 


ttre guartieiee . 
(Ang: 1.6 x 10" m) 


2 Water flows through a hose,whose ividrnal diameter is lcm at & spec of tm. 
Whal should be the diameter of tha nozzle ifthe water is to ernengpe ‘at 21ms 7 


(Ans: (0.2 cm) 
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The pipe meer the lower and of a lange water storage tank dewelogs a ermal leak arc 
asiream of water shoots from iL Tha-top-of waberin the tank is 1Sm-aboye- fee point 
of ten. 


a) With what speed does the water mush from the hole? 

b) ifthe hole has an area of 0.060 em°, how much water flows out in ane second? 
(Ana: fap oma, (6) 102 em) 

Water 2 flowing smoothly through a closed pipe system At ong point the speed of 


weer i53.0me, while at another point3.0.m higher, the speed is 4.0 ms”, if the 
pressure is 80 kPa al ihe lower point, whal is pressure at ine upper point? 


(ana: 47 kPa} 


5 Arvairplane wing is designed 0 that when: the speed of Sve alr across the top of the 


wing is 450 ms". the speed of air below the wing Is 410 ms”. What is the pressure 
difference between the top and-bottom of the wings? (Density of air = 1.29kgmi*} 

(Anis: 22 kPa) 
The-radivs of he aortas is about 1.0 em-and the bieod flowing through ithas a speed 
of about 20 ome | Calculate the average speed of the blood inthe capillanes using 
the faci thal although each capillary has a diameter of about 8.2 10° cm, there are 
fiterally millions of then so that thear total cross section is about 2000cm*. 


(Ans: & x 10'ma') 


* How large must 2 heating duct be If air moving 3.0 ms along It can replenish the ser in 


aroom of 20m volume every 16 min? Assure te airs deneiy remains constant 
(Ans; Radius = 19 cm) 


> An airplane design calls fora WA due te the netioros of the moving ai on tie wing of 


about 1000 of wing area, Assume that alr fews past the wing of an aroratt wilh 
shearing flow, |f the speed of flow past the lower wing surface is 160ms", what is 
tha required speed over the upper surface to give a “lifof TOO0Nm? The density of 
airs 1.29 kor and assume maxinum thickness of wing bo be one matre. 

(Ane: 165 ms") 
What gauge pressure is required in Ihe ciy mainsfor a stream from a fire hose 
connected tothe mains io reach a vertical height of 15.0 mr 


(ana: Lay © 10 Pap 





Learning Objectives 


AD the and of thi chanter the students Will be sbie ta: 
sea epi ial of an oscillate using experimental, analytics! and graphical 


Tse alee pices eae Dip Sans Selo Ps Gv oes ohh 
projection. an the diameter of the-circe is simple harmonic. 


Shoiw that the motion of mans altachid tom spring |s simple harmanic. 
Understand that the motion. of ‘simpin pendulum in simple harmonic and to 
‘calculate its time period, 

Understand and cae ihe erm amplitude, time oariod, fraquency, anguiar 
frequency and phase ditference. 

Hesse re tam U4 edb Moria 1 WAAL tor ee" a OF ym ty Sie el, 
Desoite the interchange botween kinabo and potential arergias during SAM, 
Describe prachical axsamples-of fee and forced oxcillatimns 

Desenhe practical examples’ of damped oscilimtions weh particular raterance to, 
the effects of the degree of diamping-and the importance of critical damping in 
cages auch. On Git suaparsion syabem, 


M ary 6 limes, We conte across a type a motion in which a body mowes to and fro about 

a mean peettion, tle callad-cecilletory.or Woretory motion. The omcillaiony motion is called 

penodic when Ht rapeats Aself aterequal Intervals: of time, 

Some typical vibrating bodies are shown in Fig. 74, fl is our common observation. thet 

8) a mass, suspended fram a spring, when pulled down and then released, starts 
oscillating (Fig. 71 ah, 

b) the bot of & simple pendulum when disttaced: from its rest positian and reseasied, 
vibrates (Fig. 7.41 by 








ec} a steel pulor Gamperd al one end to a bench osciliabes 
whan the free and is disolaced sideways (Fig. 7,1 ¢), 
di). a-steal ball rolling in a ccurved dish, oecillabes etsoat tts 
rest poedlon (Fag 71 di]. 

Thu to get oscillations, & body ls pulled away from. |b rect 
oF equilibrium position and Gren released, The boy oscillates 
dua toa restoring force, Under the action of tesa restoring 
force, lhe body accoloraias an) i oversinogts the past 
position due to inertia. The restoring foren then pulls if 
bate. The restoring force is always directed bowarnds 
the rest position and so the-acceleraiion is atso directed 
towards the rest ar mean posilion. 

tixebsersed that the vibrating bodles produce waves. 
Forexample, a violin string produces sound waves in alr, 
There are many phenomena in nalure whose explanation 
requires ihe understanding of the concepts of vibrations 
and weaves. Although many large structures, such as 
skyscrapers. ard bridges, appear tebe rigid, they actually 
vibrale. The: architecis-and the engineers who design and 
build (hom, take this fact inio scequni. 


Latus considera masa im attached to one and ofan alassic 
Spring which can move freely on a frichonlass horizontal 
sullace as shown in Fig: 7.2 (a). Winan the mas |p 
dispaced towards right through a distanos x (Fig. 72 bi, 
the force F ot that instant is givan by Hooke's law F = Ax 
where kis a constant known a spring oonslant, Cue to 
alasticihy, eoving opposes the applied force which produces 
the Gaplacamant This opposing force is callad resionny 
force Fy which is equal and opposite to ihe applied force 
within, aatic limit of the gering. Hence 


The negative sign indicates that F, ls directed -opposite to 
® Le., towards the squilllum position. Thus we see that 
in @ system obeying Hooke's few. te restoring force F, is 
directly proportional to the displacement x of the system 
from its: equilibriim posiion and io always directed bowards 
i. When tha mass is miieased, & begins to oscillate about 
the equilibrium pos#ion (Fig. 7.20), The osollaton: motion 
teking place under the action of such 8 restoring force Is 


ba 


knew as simple harmonic motion (SHM), The aooelnradion 
@ produced in the mass im due to-restoring force ican ba 
calculated ueing second laaco! motion 

F = a 


Then, -ta = na 


Land Amplitude 





Fig, 7.2: thal when @ body is vibrating, its 
daplecement from the mean position changes wiih hme, 
The value of its distance from ihe mean posilon at-any 
time is known as fis instantaneous displaeement. It is nen 
af the Instant when the body is al ihe mean posifen and is 
maxirrum at te extreme positions. The maximum value of 
Geplecement is kmown as amplitude. 
The arrangement shown in Fig. 7.3 can be used to pecond 
the variations in diiplicement wih lime for a mass-epring 
system, The strip of papor fs moving al 8 constant speed 
from right to left, thus providing a time scale on the strip. 
A pen attached with the whrating mess records its 
Apainst-tims ae ahows in Fig: 7.32 It cen 
be seen thal the curve showing ihe wariation of 
placement with time is a sing curve, It is usually 
known 2s waedorm oof SHM. The points B and oO 
“correspond to the extreme positions of the vibrating mass 
ened pointe AG and E show its mean position. Thus tha line 
ACE represents the level of mean position of the mass on 
the-ship. The ampiliude of vibration is-ines @ measure-ol 
(he Ene Bb or Dd in-Fig, 7.3. 


Vibration 





A Wiraion means one completa round tig of the body im 
moon. In Fig. 7-3, if the mefion of mass from ifs. meer 
positon to the Upper exineme posibon, from ipper oxi; 
position jo lower axirama@ pesilion and back te its mean 
position. In Fig, 7.3, the curve ARCOE comespond to the 
differant postions of the pen during one complete 
vibration, Alberkatively the vibration can aleo be defined as 
moken of the boely from iis one extreme position back bo 
lhe. sarne extreme. position, This will cormespond to. the 
portion of curee from points B io F or from points D to H. 


] rine Period 


It le the time T required to complete one vibration. 






Frequency fis the numberot vibrations exeouied by a bady 
in one second and is. aupressed as vibrations per aecond 
Of cycles per secondo hertz (Hz). 

The definitions af T and f show thit the two quantities are 
sone ina oan 


— Ae ; ees is Sere | 







Cae PP Lei y 


iF is the time period of a body executing SHM, its angular 
frequency will be 


~ bas a = 3 sans cieirten ay 


Angular frequency eo bs betsically a chharpohectetio of circulae 
moter. Here il has been infoduced in SHM because i 
provides an easy method by which tho vake of 
iInttantamous displacement and instantaneous velocity of 
8 body executing SHM can be computed, 


Leta mass m, siteched with the end of @ verteally 
suepended epring, vihtale- simple harmenically with period 
T Irequency fand amplitudes). The matan of the mass is 
displayed by the poser Py on the line BC with A as mean 
positon and B, Cas: extreme positions. (Fig. T.4e). 
Assuming A os the -position of the -poinier st 
P= 0, ttowill move eo that fis at 6.400 and back fo A at 


M4 


instants T4, The, 374. and 7 respectively, This. will 
completa one cycte cot vibration with amplitude of vibration 
being «= AB = AC. 

The concept of circular motion la introduced by considering.a 
pein! Pomoving on-a-ercke-of radive »,, witha union angular 
fequency.a = 27, where Te the lime period of the 
Wibration of the pointer, It may be noted phat fhe race of the 
pecead bem tein eh plaka Brat pmchaeh motion, 
Consider the motion of the point N, ie Be OnE a onthe 
diameter DE drawn parallel to the seat an Satie 
pointer in Fig. 71 (by) Mote that the of paints D and & 





ee re 


tc} 






is the same ag: the points B and C. As P describes 
undonn circular motion with & constant angular sped mm, Mi 
cecilates to and fra on the diamnter DE with time parod T, 
Assuming ©, to be the position of Pet f=0 , the position of 
the point Nat the instants 0, 74, 772,374 and Twill be at 
tha polnis 0,0,0;E and 0 respectively. A comparigan of the 
motion of MN with that of the pointer Py shows that it is o 
raplica of the polnbers motion. Thus tho expressions of 
displacermen, velooty anc) acosleration for the motion of 
leo held good forthe pointer Ps, aaecuting SAM, 


Referring to Fig. 7.4 (>) Wwe count the ime f=0 from the 
iralanl when Fis passing throigh 04, the angie which the 
yadius OF sweepe dul in time! ie OOP = 6 =m f The 
diapeacmergrat oot Nat Whe inetd yell be 


x= ON = OP tin. 2 0,0P 
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of x= x, sin 





inesbarit f, 


The value of «as a funchons of this shown in Fig. 7.4 (co). 
This is the wave-form of SHM. im Fig, 7.3, ihe same wave 
form wes traced experimentally bul hore, we have: traced il 
theoretical by linking SHM with circular motion through 
the concept of angular frequency The oogle 0 gives the 
‘Slates of the syetem in its vibrational oycie. For example. af 
tha sian ofthe cycle §= 0, Halfway through the cycle, is 
160° ( 7 radians). When @ = 270° (or Snf2 radians), the 
Gycle is thrae-fourth completed. We call} as the phase of 
the vibration. Thus when quater of ihe cycle is completed, 
phase of vibration ie 90° fort 2 radian), Thus ohees is: also 
rotated with the circular motion aspect of SAM, 


Thea velocity of point P, at the instant f, will be directed along 
the tangent to the cirde af P and its magnitude will be 





4s the motion of Noon the diameter DE ip due to motion of P 
on the circle, the vetooity of NM le actually tee component of 
the velocity ve in a direction paraiel to the diameter DE. As 
shown in Fig. 7.6 (a), this component ls 


ip ain (RO -} = ve cos P=, a Coe, 
Ministers vend alata dea ofN ortts speed vis. 





saree a map ierer ing rp mrenersapers pr 
of the phase angle 8, When @ i between O° to 90° the 
direction is fram O to DB, for 0 between 90° to 270", its 
direction ie from 0 to-E. Whee 0 is babween 270? to 380", the 
Giraction of motion is from E to 


: i | re 
From Fig. 7.8, cos @= cos 2NPO = NPYOP = 1s =i oe 
Substituting the value of cos in Eq, 7.7 


x 





a aalea nos eh on the diameter DE is just the replica of 
the mobon of the polnier execuling SHAM (Fig. 74) ao 

velocity of the point Pr  veboey oF arly ety 
exeouding SHM |e given by equations 7.7 and 7.8 in terms 
the angular Frequency m, Eq. 7.8 shows that af the 
moan position, where x = 0, the velocty is maximum and 


the extreme positions where x = x,, the velocity Is 280, 


go 


When the. point P Ps menangy on: the clrcie, it has an 
acceleration a. = : Meals eiways directed towards the canine © 
cof the circle. 
Al lnelant tite: dineoiion wil be along PO. The aocolenabon of 
ed Pe Ln 
dameter DE on which NM moves due to motion of P As 
shown in Fig. 78 (b). the value of this component is 
a, Sn = ayn” sin 
Thus the eccelerationa of Nis a@=x wi" sinf 
and It ia directed fram Nolo ©, Lt, ditecind towards the 
mean: position O(Fig. 725-5) inthis figure sna = ONNOP = 
ifn. Therefore, 
a= kot. = = unte 
Mi 
ac leslie 7.5 (6) and 7.4 (b) shows that the 
saben of acceleration a and displacement 5 are 


oppo io. Cxeisidering Ihe direction of 9 es-eterence, the 
Secamdisrs we baronies 


ae 
Eg. 7.9 shows dhe ocopleration is proportional to the 
displacement and is directed towends the mean positon 
which ts the characteristic of SHM, Thus the point Mis 
executing SHM with the same ampliiude, period and 
inshantanecus distlacamant ms the pointer Py, This 
confer oor assertion thal the motor of NM is jest a replica 
of fhe painter's mation, 


Equations 7.5 and 77 indicate that displacornent and 
velocity of the polnt @xeculing SHM are determined by the 
|, Bagla 8 = mf. Note thet thas angle is obtained whan SHM is 
* related Wiihicroular mation, Itisthmarighs which lie rotading 
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fads OF makes with the reference direclion OO, al any 
Intent f (Fag. 74 tb), 





aia hess oe 
The phase detarminas the stain of moten of ihe vibrating 
point, Wf a-bedy starts-tte motion fram mean position, jis 
"10 phase at thie point would be 0, Sim@arly at ihe exireme 
postions. Its phase would benz: 
oe In Fig. 7.4 (b}, we have assumed thal fo start with at t= 0, 
o ihe pos@ion of the rotating radius-OP ts along OO, so that 


7) , (he point N lsat [ts mean position and the displacement al 
=? £30, is zero. Thus It represents a special case. In ganeral-st 
- fed the rotating trade OF can make any angle qm wilh then 
reference OO, a8 shown in Fig. 7.6 (a). In time f, the radius 

‘os, °° willrokate by wt, Sonew the radius OF would make an 

angle (e+) wilh OO, at the instant f and the 
diaplacement ON = at instant ! would be given by 






E ON = = OP sin (oot #1) 


Now tha phase angles uf +2 Le, 





a= al+@ 


wheant=0 ,f=09. So pis he metal phase. | we dake initial 
phage a8n/2 of 90°, the displacement as given try Eq 7.10 
is 


¥ = kp sin (sol + Bor) 





L4H 


Thus Eq. 7.11 nies gives the displacement of SHM, but in this 


jeatoninnoad ofthe meen toationes showin Fg TSP) 






‘Practically, fora simple harrnanic 
 Webimgimmcutarnat carne: shown in Fig, 72 fa, b 
1d Stine SEE at any Instant is given by Eq, 7.2 


4 
aunty ‘ 3 





amplitude. 
the above shinee wine 78, the vibrational angula 


frequency is 


‘The tne period of Ihe mass is 


— displacement sof the masa as given by 
‘ r= ky final 


The nstsncoun velcey vol te mass mse ve by 


£4.78 
veo dno = fee t¥) 








Eq 7.15 shows that the toy ft mast one rani 
equal tov, whee a= 0, This. 
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then view pS ba (TAT) 





The formals datved for Gaplacement and velocity are alse 
wald for vertically suspended mass-sonng systnin prcwdied 
aif Wiction ia ol consclered. 


fe 7.15 A block weighing 4.0 Kg extends 3 epeing 
by O16 mm from lis uneirotchad posite: The block is 
poised lanamiahSedapladatpihodanglte atl: 
ae tare ee ee then pleted, wil is fs 
‘period of vibration? 
Applied aireiching lore Fea or koe 
Fomg=4 bg 69 fee © 29-2 kore” = 302 N 


: " =a ~ 
xe 016m, pe SRRES STE = Be ays? 
Mew feng past Teas ye 
oF fo}x sae OB 





A sinple pendulum comets of a sia Neaney mass m 


suspended by a fighl séing of langth ¢ fhoed at its uppar 
end, ag: shown in Fig. 7.7. When such a pendulum is 
daplased iro lis mean postion through a small angle i to 
fhe postion Band released, it slats oscillating to and to 
cover ihe game galt. Tha weight mg of the mass can be 
feared ine feo components; nag sin # along the tangant 
at Band mguaoa 6 along CB td balance the toneion of the 
ahing, Thy rashorlng force at Bowl bn 


Fo-mgsinil 


15) 


Whar a inceall, ain tl = i 
Or aaah 

= Ane AB 
But = 


Wilber 6 ls serra] Are AE = OB © 5, hence b= = 


Aa sweets chi‘ Se cote eat = giver pashli 
Fla alse 


* Tharafora, ‘ila (a constant) 
ond the maton of te aimpte penciukim ie simpes hanmocns. 
Comparing Eq. 7.10 with Eq. 7.5 


a= e 
ii 


f=25 
un 


Ag Uru erento 
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L ’ jer the case of 8 winrating mass-apnng 
system. When the mass m is pulled slowly, the apeing: is 

AMOoUnL #, agains! (he elastic restoring 
force F His essurned that stretching is done slowly so thal 


F=hr, 
‘Aine ieplacemeant = 0 force = 0 
Withee Gaplacament = x,, force = Ax, 
Average force Fa Ot = Thy 


Wark done in displacing Re mae at thet ke ls 
W=Fo= Ah ker = shed 
work-eppears a6 elastic potential anengy of the spring. 


fa 





The Eq 7.21 gives the maximum PE. at the extreme 
position, Thus 


noe eM 
PLE a= = #3 


Ateny instant, if the displacement ie», then PE et thet 
instant is given by 
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ORE ir 


The velocity st thal inslant is given by Eq. 7.95 which is 





Hence the KLE. at thal instant is 
ct ote fing d oa) 2) 


Thus, kinetio js maximum when x= 0, When the 
pass it-at equilll 5 fst 1: | 


the ti partly PE, and 
for any cslacement x enaaregy ts partly partly 


“Exmai ® RE. # KE, 





of the miss, whan displaced, is oatvetted info CE. af the 
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SHAS 


equilibrium positon. The R.E. ls converted into PLE. as the 
mags figes to ihe top of the-awing. Because of the fnectioral 
forces, onengy if Gedipated and cocaequenity, ihe systems 
donot nsciftate indofintely. 


Example 7.25 A apne, whose sping constant is 
80,0 Mi verticaby. supports a of 1.0-hy in the rest 
position, Find the distance by which the mass must be 
pulled diewn, 20 thal on boing naleesad, |t may pase ihe 
mean position with a veloady of 10 me’, 


Solution: . 
= B00 Neri . m= 1.0 hg 


jaw at = * 
Sines ote or ts fe 


- ene “j ites ae" Sym" =e es"! 
thy 1g 


-bat ie ampliiede of viration bax, 


Then. vem or = = 


at v= 4.0 me" ared ‘o> B5a 9! 


Distance through whict mis pulled » x, = 05 = 0.11 m 


Fite 


Abocyissald to ber comouting Aree: vibrators wher 1 cesrcietlen 
wlihoul the inieennoe of an extemal fore. This frequency 
of hese fea vibraione known ae ite naira! frequency, 
Forexamolta simple pendulum wher stightly displaced 

from ite mean postion vibrates feety with ts natural remuancy 
thal deperdsanly upon the langih of-ihe. pendulum. 


On thaothar Nerd, if atreely oscillating syste is subjected 
In en axbernal periodic force, then forced sibrations ‘will 
(ate place Such ap whan the mass of a vibrating 
pendulum if sinuck repeaateddy, than forced yitrelions org 
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The ibeatioex ek ery indy Sue by the munning, of 
imine isan example of forced vibrations. Another example 
of tweed vibration is Joud music produced by sounding 


wooden bixands SHAN instruments, 


Associated with fhe motion of a driven hanmonss opmilador, 
there fs @ very striking phanomenon, known as resonance. 
It ariges | ihe extemel diving force is periodic: wilh a 
petiod compansble to the nature! period of ihe ceclliator. 


Ina resonance situation, the driving force maybe teable, 
the amplitude of the motion may become extra ardinarlly 
large. in the case of oscilating simple pendulum, if vee 
blow to push the pendulum whenewer It comes in front of 
cur mouth, itis found that iho-amplitude stnadiby increases. 


To domonsiraie this nonence effect, an apparatue is 
shown in Fig. 7.9.4 horontal rod AB is supported by two 
abinge-S, and &. Three pairs of pendiiume aa, bb and or’ 
ave suspended to this rod. The langth of each pair is tha 
game but is differant for different pairs. if one of these 
pendulums, say ¢, is displaced in a direction perpendicular 
fo the pling of the paper, phar its resultant 

motion causes in rod AB a yeey slight disturbing mation, 
whose period i the same as thet ofc’. Cue io this-slight 
motion of the pod, aach of the remaining pendulume (ae; 
band oc) undergo e slight periodic. motion. This causes 
the pendulum ¢, wheee length and, hence, period ts 
exacty the same as that of ¢, to oscillate back and forth 
wih -ninadiy increaseng amplitude, However, the 
amplitudes of the other pandulums remain small through 
out the subsequent motions of o and ci beosuse ther 
hatural periods are not the same as that-ol the disturbeng 
forge due Io rod AB. j 
ii Baa vei daca nil rw en lll ln 
Al resonance: the tranctar of einengy Is maxim. 








155 


Advantages And Disadvantages of Resonance 

We omme-aoross many axamples of fesonancd in every 
day He. A swing o8 good example of machanical 
resonance. Il is Tike perdulunt with ose natural frequency 
dapending on Ms langtt. fa series of regular pushes ane 
given 66 the swing, |e mietion can be built up enormously If 
pushes are given imequilachy. tee swing will handy yibnabe 
The: cglumn of sokiions. white marching on a brikige df long: span 
are Btyised io break their slaps Their iythmic march might 
Sol up cecilations of dangercisly large amplitude in the 
bridge sonechuna:: 


Tuning a radio ie the best example of electrical resonance, 
When weetur the knob of a radia, to tune 8 sietion, we are 
changing the nahi! Iraquency of the gleciric cincuil of then 
receiver, to make it equel to ihe transmission faguency of 
the radio station Whet the two frequencies match, energy 
absorption is: maximum and this it the onhy-station we-hear 


Anwibet good sxample cof resonance if ine heating and 
cooking of food weary elicenily and evenly by microwave 
oven (Pig. 7 101 The waves produced mm his typo of oven 
have § wavelength of 12 cm at a frequency of 2450 MHz 
Al thie frequency, ihe wives afe absorbed due te 
Fesonanee by Water and fal moleciies in the food, heating 
them up-and 26 cooking the food: 


This is a oorimen observation thatthe amplitude ofan 
csohaiing simple pendula decreases gradually walk lene 
ill it becomes zero. Such oecillafons, im which the 
finplibade decteases-steadily with tine, are called damped 
oscillations: 


We know from our €veryday pipenence that (he motion of 
any Macroscopic ySlenT is seoompaniad by tictional 
offect) While describing the motion of m-sinple pendulum, 
ihie-afipct was completely ignored. As fhe, bob of ihe 
eriuhir pienes: to ard fre, then Inaddition io ihe weaght 
af the bob-aed the tension in he-sting, bob experiences 
Wecoue drag due to ibs motion through the-air. Thus simple 

10) Uertamoed hatmonic motion is an idealization (Pig. 7.11 a). in praeiica, 
hig TN) the amplitude of this motion gradually becomes smaller 





Li) 


and amallerbecause of fricion.and air nesistanos because 
fhe_-eanengy of tha oscillator is Weed ip in caing work ature! 
ine resietive forges. Fig. 11(b) shows bow the amplitede 
of a damped simple harmonic wave changes wilh time, as 
compared with aa ideal une damped harnwate: wig Thus 





‘a Fottitip 





Ar apelicaiion of damped oscilintiony i& ihe shook 
absorber of a car which provides a damping force ta 
Prevenk excessive caciilatons. (Fig. 7,125 





Oy, 2 





such. 25-3 iaad bob of equal sive, ib @ md as shown in 
Fig. 7.9. They ane set into vibrations by-@ third pendulum 
ef equaltength, attached io the. same rod It is obmerwed 
that amplitueie-of tha lead bob is much greater ten phaet 
of ihe plth-ball, The damping effec} for ihe plthetall duc 
io-eir peeestance ie much greater than for lin bed bob 


SUMMARY | 
Oscillation motion is to and fino motion about a mean position 
Periodic motion 13 ihe ane that seats Asal! afer aqual-intervals of tima; 


« Restoring force ere VIS Sr ate I ASLOE Ha (of a-body and is-equel and 
opposite to applied force. 
» A vibratory moben in. whith acomlerstion -diredlly proporkonal lo displacement fram 


mynen position snd ie. alate. Greco’ timate The THe Posie ie Erkawis oe Kirrele 
hanmenia motion. 


* The projectonof @ particle moving ina circle executes SHIM. Its me period Tis: = 


* Phase of vibration is the quantity which indicates the stale of matin af = beating 
particle generally refered by the phase angie. 
* TRS Teen tiene aime selc envig i= Bhat one le ine 


period is T= 2m 7 
* oteaan naelbe bob of sirrypie pendulum in also SHM ‘and is time period 


is given by 
T=2n fi 


+. Inanosciliating system PE. and KE, interchange and total energy is conserved, 
* A body is said to be executing free oscillation if if vibrates wiih lis gan natural 
frequency without the interference of ar extemal force. 


"Winer 3 freely oscitating system i subjected io an extemal periodic force, ther” 
forced vibrations take place, | 


* Resonance is the specific response of a system to a periodic foroe acting with the 
/ Ratural vibrating pariod of the system. 


« ‘Damping la the process whereby energy in dissipated from the oscillating system, 


QUESTIONS 


7) Nante two characterises of simple harmonic motion. 





12 Does foquency dependson amplitide for harmonic oscillators? 


7) Can we realize an ideal simple pendulum? 


af JOE rer 
Sha 


7.4 What le the total distance travelled by an object moving with SHM In a tima aqual to 
lis period, if ie amplltade is 4? 
"5 Whal happens to the period of a sample pendulum if i length is doubled? 'Whal 
’ happens Ihe suspended mass is doubled? 


7. Cees dhe acceleration of a simple hennenia oseM@aior remain constant during its: 
mation? Is the accoleration ever zero? Explain 

7.7 Whal is) meant by phase engin? Does it define angle between maxirn 
digaiacement and the crving force? 

'2 Underwhat conditions does the addition of two simple harmonic motions produce a 
fesullint, which (4 alse simple harmonic? 


79 Show that in SHM the accelration is zero when the velocity ts greatest and the 
vedocity Is 2a when the accaleralion is greatest? 


7.10in relation io SH, oplain bee equations; 
ti y=Asm (mle) 
(i) 2-0 


P11 Explain the relation babween total anergy, pabeniial anergy and kinotic anengy for a 
body ofcillating wih SHM, 


7 12 Describe some common phenomend in which resonance péays an important role, 


7.13" a mass spring sysiem is hung vertically and setinio osc@lations, why does the 
motion eventually shop? 









NUMERICAL PROBLEMS 


0) A000 @ body hung on a sping elongates ihe speng by 4,0 cm. When @ omnia 
Sbject is hung on the spring amt set vibreling, its penod is-O.S-s. Whal is the 
mass of (he object pulling the spring? 

(Ans. 20 eg) 


12 Aload of 18.09 alongates a spring by 2.00.om, Mf body of mags 28d gis attached to 
the spring and is set into woration with on amplitude of 10.0 cm, what wil be is 
U) panied (9) spring constant \i/) maximum epped of ite vibration, 


Ame: (1) 12s, (0) TSS Ni Nig 400 ones" |] 


7 An 6.0 kp body execuies SAM with eenipiitude 20: om: The resionng force i 60 N 
when the displacement i 30 on, Find 


qi) Pernod 


(il) Acceleration, speed, kinebc energy and potential anergy when the 
@aplacament js 12cm. 


fAnac (i) 1.3 8. (|i) 3-0ms*, 1.4ome"|, 7.6, tad] 
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73 Ablock of mase.4.0 ko-is dropped frome heght of 0.60 m onto a spemg of spring 


yi 


a 


constant k= 1860 Nm’, Find the maximnur) dittance through which the-spring will 
be compressed. 
: {Ans-'0,18 m)} 
A simple pendulum is 50.0 om long. What will be its irequency of whraton et a place 
wheneg = 8 ms? 

(Ans: 0.70 Ha) 


4 Block of mass 16 ha iscattached jn a Bering-with Apring constant T00-Men", as 
shown in Fig. 7.14. The spring bs compressed thigh a distance of 2.0.om-aned the 
block: is released from reat, Calculate the velocity of the block aa it passes. through 
the equilib posithin, x 2 0, if the surface is frictioniess- 


| | (Ans: 0:80 ms) 
ih] 
aoe - = 


R= Som 


Acar of mess 1300 ke i-oonsirucied using a frame supported by four-springs. 
Each spring has @soring constant 20,000 Ni! If two people riding inthe car have 
a combined mass of 160 kg. find the faquancy of vibration of the car, wher: It is 
driven over a pee hole inthe road. Assume the weight is evenly clistrtebed. 


(Ang: 1,18 Hz} 


70) Find the amplitude, frequency and period of an abject vibrating at the and of a 


spring, Wiha equation for as positisn, sa funstion of tire, i. 
SS al) 
a= 0.2% coe +4 t 
What ie the displacement of the object afer 2.0 ¢7 


(At: 0.25 m, Hz 165, «= 0.18 m) 
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Leaming Objectives 


AL Thaene of (his chapter lee studurity.will be able ter 


ee ee ee 


Recall the gereratan anid propagation cf warps. 

(hese ities raaelusne cf tthe meiticres in transverse anet longHudinal waves. 
Understand and use the term wavelength, frequency and speed of wee: 
Untetsinnd nnd ine theogimticn = y= fa 

UnGerslind and Gescnbe Newtons fama of speed-ol sound, 

Derive Laplace correction in Newton's formula. ot apecd of sound for air, 
Dieetyes thee teserruile yeu? Oary, 

Recognise and descrite the factors on whch spood of sours int air depends 
Explain and ee (he princes oFauperssstion 


| Understand the tons intererence and best. 


Describe the phenomena of interfurence and beat giviig exainples of sound 
Urideriond arid thescribe retlection of wend 


L Describe experiment, whith Gernorstrate uintionary waves for stretched strings 


and vibrating alr calisrinn 


. Explain the taonaetion of a stationery wave using graphical mathod, 
. Understand the terre node and-anti-node. 

, Linderstand ard describe modes <M vibrator of wring. 
‘Understand and tiesorine Doppler’: alfict and its causen, 


Recognize the applications of Doppler's effect irr ndar, sratiat, astronomy, satellite 
ane) radon epeett trop 


iol 


{ 

W oes anspor anengy withoul transporing matter, 
The-energy transportation is. carried by a disturbance, which 
Bpreade out froma -sounce, We ane wall familiar with dirfienert 
hpes of waves wach as water waves in ina ocean, of gently 
formed ripples of a Sill pond aue to rain drop. Where a 
MUBEN PUCK A uler-siing, scsand was are Generated 
which om reaching our eer, pooduce the sansadion of rmesic. 
Wane disturbances: may aise come ina concentated bundie 
like ihe shock werves from an aeroplane fying @t supersonic 
apaed. Whatever may be the nature of waves; tho 
machanism by which tt transports emangy te ihe same. A 
Succession of oscillatory mations are always invotved. The 
wave is gonorabed by an oecitlrlion by rie yeopoteg bochy auc 
Poopapebon oof wave: innough aye es by mes of 
asclllabons. The waves which propagate by the cacillation of 
miterial particles are brown as mechanical waves 


There is another class of waves which, imetead of mitgral 
paricles: propagste oul in space due to osciations of 
edric and magnetic fields, Such waves ark known as 
@lectromagnetc: waves. We will undertake the study of 
Sectromagneiic waves at-a later stage Here we will 
consider the mechanical waves only, The waver peneraled 
i fopes, strings, coll of springs, waier and air are all 
machanical waves” i 





So for we have been conmsidéring moti af incdivtibral 
particles but in case of mechanleyl waves, we suidy the 
collective mothan af purticies: An example will help us 
here, I you" look at uo block: ote white pier ino 
nevepaper wth w magnifying lass, so well discover thar 
the picture ié made up of many closely spaced dota, you 
do not use the magnifier; yak clo pot eee the dith, Vth 
‘soc ik the collective efiect odoin the form ofa preture 
Thus what we see ns niccharical waive ib actully ihe effect 
Of oscillations of a very large number of particies of the 
mnediume- throughs hick the sage is pects, 


Drop a pebble into water, Ripples will be produced: and 
spread out across ihe water. The ropes are the exampees 
of prepessive wives beckus they Garry ay across 
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the water mutlace, A wow, which banefers energy by 
moving away: from the source of disturbanda, is called 
dbo casnratlintgnaies Antinatltcana soars Ue 
Progressiva Wane « transverse waves and io 

WEWEBS 


Tee and Longitidi tal Vil 





Consider two saamaeiae oppose ems of a rope or a 
hoseppe.Suddenyone:- person ghee one up and dovam jerk bo 
the rope. This disturbs lhe rope and creates a hump ina which 
travelealong the nope towards he other person(Fig 6.1.2 4 b). 


Whon (hit hump reaches the other person. it causes his 
hand foo move up (Fag, 8:7 oc), The [he energy and 
momesum imparted to the and of the mpe- by the first 
pefaon has reached the aiher end of the rope by travelling 
through the rope |e, a wave hes been sel up on tie rope 
in the forma? a moving hump. Vite call thie tyeaoot weno a 
pulse. The forward medion of the pulse from ane end of the 
rope to the other is an-exarmple of progressive wove, The 
hand jerking tha end of the rope is the source of the 
wave. The rope bs td medium inwhich the wave moves. 


hb 


Traeretee ears 
Go 
= 
lenginebeal wares 
Pig. aay 


My, Baim 


Fig. £203) 


A large dnd ipose spring. ood slinky spring) oan be used io 
demonstrate ihe afect of the motion of tha source in 
generdina waves: in a medium tt is better tel the 
apting i& laid) on a-smocth table with its one ene teed 
‘80 {hat ihe spmeg does no! sag under gnayily. 


1f thee free. end.of the spring is vitented trom side bo wide, n pulse 
of wave huving = displacement patter When in Pig. BF fa) 
will be penenied lipclevwall Ho’ aie he sprig 

ithe end of the eorng is-moved: beck and foeh: along-the 
direction of the spring fisall as-shown in Fig: 8.2 (bj Wives 
with back and forth displacement will travel along the! sping. 
Woeaves likethose in Fig 8:2 (a) in which disolaceament ot ihe 
epring & pemendicuianio the direction of the wai an 
Called ifiniverso waves. Waves like those in Fig, #2 (b) in 
which displacements are in the direction of propagation of 
waves are: called longilidinal waved. In iis ecariple (he enil 
OF Springys the maciuiny, oo in gonoral wo can-say that 


Both types. of waves can Be-sef up in -solide.. im fuids, 
however, ironiverse wares did Gul wery quickly and 
uslaly cannot be produced atiall. That be why, squne 
waves in aifare longitudinal ln nature 


Upic mij wo have consdened wave in ino toon of a pulse 
which |p Be up by e-single disturbance in & median fie the 
snapping of ane and of a rope are coi sping. Continuous, 
hogular aad rhyihmis dinturbances in a madiom resall Irom 
periodic vibrations of a source whith cause parodic ways 
if thal median, A good mtample of @ periodiog vibrator isan 
caniRating mass-apring system (Fig 6.4 a), We have alread 
studded i) the previous chapter that the masa of such o 
Byler eecules SHM, 


ied 





Canin a ‘experiment wher one endof a rone is fastened 
io a Tass peng vibrator Ae ihe mase vibtetes up and 
gown, we chaarve @ iarsverse panddic wave trfewegllingy 
Wong ihe length of too (Fig. 6.3 b). The wave consists of 
crests and rougha, The crest is a paternity which Ihe rope 
i displaced abave lls equilibrium peaiion, and in troughs, 
hed a digpiacemoant bolow Iti equilibrium postion: 


Ae anuroe anes hanypie mols ogand don wiih 
emipliluco A arid irequency 0 idmaiiy every point along he: 
fengih) of the: nope extenuitee SH) in torn, welh ha balrre 
Amiplitace anc Iraquancy, The weave tinvels towards right: 
88 Gash ard inodets In lun; replace one-another, but the: 
poets oon the rone simply emcees igh aed down, The 
amplitude of the wane it fi axinun Valle of the 
displacement in @ cread on irough and | &° equal te tye 
amqiliude of ite vibrator The distance between any two 
Gonseoulive crest or boaghe is the game all along ‘lhe 
length of the-rope This distanie  callad the wavelength 
of the periodic wave and is usually denoted by the Greek 
tafinr harnbela } (Pay, AS b) 


ty ag ihe speed of ie wave con bo matiured by 
liming the malian of m wave. crest aver a measured 
distance But (tis not slwaya cowenient in ebserve the 
movion of Ihe crest Ag digcussed! below, however, the 
speed Of 6 periodic wave cen be found indirectly from is: 
froquency and wavelength. 


AS a dave progresses, eect point inthe medium oscillates. 
penodically with the frequency and period of the source, 
Fig, 6.4 Wuataies a periodic wave moving to the ght, aa-it 
might look. in photographic snapshols taken every yy 
Reto Follqw the progress of ihm crest that stariod aut 
from the oxtrerne felt at t=O. The tine thatihie crest iakes 
fo move a distance of one wavelength ls equal to the time 
required) for a point incite redian to po-thraugh one 
complete. oscillation, That is the crest mives. one 
wavelength in one period oF oscillation T.the speed v of 
the Great ls therefore, 

distance mowed a 


omen eer tee = 


corresponding ime interest 


yf 
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All parts of the wave paltarn move with the same speed, oo 
the speed of any one crest-is lust the speed-of the wave; 
We can therefore, say thal the speed v of the waves is 


=a =e 
= ee ra a | 
¥ T : (6.1) 


but 1 =f, where fis the frequency of the wae, It ir the 


same as the frequency of the wbrator, generating the 
waves. Thus Eq. 6-1 becomes 






agree of peers WEVES supreme by a source 
axoouling SHM is represented by a sine curve. Figure 85 
shows the snapehotof a periodic wave pasaing through a 

medium. In inia figure, set-of points are shown whech are 
moving in unisce aa ihe perlodic wave. passes. The points 
C and C", a6 they move up and down, are always in tho 
same state of vibration ie, they aways fave identical 
displacements and velocities. Alternatively, We can cay that 
a6 the wave passes, the points C ad C mows in phe 
We may also say thal Gr lade-O by one tims period of ee 
fidian. Any point ot a destance «CG fags: behind by peese 
angie pw ts 

So |s the case with points D and OF . Indeed there are 
infinitely many such points along ites medium which are 
vibrating in phase. Points saparated from one-anoiher 
through distances of &, 2h. ak, ..... are all im phase wih 
gach offer. These points con be anywhere along the wave 
and need not comespond with anh ihe highest ariel bowel 
points. For example. points such as PP’, PY i. 
Se Gl Wh ohnka Gach de “abeaailied Were oe eet bat 
diganoe kh, 

Some of ihe points ar-axact oud ol step. For excmphs, 
when point © reaches its maximum upwerd displacement, 
at the same time O reaches iis maximum downward 
digptacoment Al the instant that G begins to-go down, D 
begins to move up. Points euch as these are-called one 
half period oul of phase, Any lwo points separaied thom 
one arvsthimae bry a 85.55, ee are cel of phase. 
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rv Ths sero secon we Teve conskiensd the qanarahion 
Of Imnnyens Paodic wakes, Now we will See flow the 
longitidinal penodi waves can be gacerabee, 


Géreider a coll of spring a6 show in Fig. 8:8. it is 
Suspenied by itncads 25 iherl it can wieate harleeritally, 
Suppese. an oscillating force F is applied to de and as: 
indicalad, The Jerce will aliemaiel) siretay and compress 
(ha Spring, thereby aonding A Senet of shetched regions 
(called rarefaction) and compressions aqwnthe-spring: We 
will dee the oscillating forme cautes a longitedinal weye io 
move doen the spring. This typeof wane geriereteed lin 
sorings is also called a compressional weve. ‘Clearly in a. 
Sompresional wore, Ihe partioles in ihe path of wave move 
back and forth along lhe line ce! oropagiiicn of te wae, 


Nietiee in Fig, 8:6, lhe supporting threads would be exechy 
wetical ihihe spring wert untistudbed. The dishurhance 
passing down the spring. causes displacements of the 
Alamenisool the saving from thelr equilltrium: possions. In 
Fag. -8.6, the displacements of the thread from the vertical MM a 


area direct measure of the displacements of the spring Sree Sti 
olomarnts, It is, Uherefara, on eae way to graph the of am rieeciin 











displacements of the spring elements trom tain equilitariun ‘Speed 
positions and this js done in ihe lower part of the figure inet ‘ae 
(ESUSPEEDOFSOUNDIWARETNN = 
Stunt waves ero the most important emamples of Le gaitey Pia 
longtuiinal or compressional waves: The speed of sound Gipes, Ss 
waves dopenda on the compressiidity and inertia of the PVE Rea 
medium: through whech ihey are fhavelting. Wf tha medi has Watt aval my 
ihe elastic modulus © and densitys then, speed its given by Wier: = 
comet: hteall MA Ae: me rue Caen . 2m 
i a are 7 1 i en 1 
> ieee cee MEE Sagen i 
ry Hefarmn aa 
Ae pee from he tble 8.1, the speed-of sound issmuch Hydlngren bed 





higher in solids than in gases, Thit makes seni because = 
ihe molecules in soll. are closer than in a ges anal 
hence, npand more quick: lo a dsburbance. 


in general, sound trevels-more slowly in -gases then in 
-poldS bECEUGE gases are mong comprissible and hanes 


hie? 


@ smaller ease modulus. For ‘Calculation: 
ne oreo eee pele oy ie aera 
sound wave Iraveis thraugh air, ihe temperature of the air 
during OOMpression fomeens conslanl and pressure 
changes trom © to (P+aP) and! thereon, the volume 
ie ge ac etek bigiiacsen 





a OyePye PS ae rere 


The product AAV is ary small and cart be neghacted, So, 
ihe above equation becomes 


PaW= VAP o Prien ye tn ee 
a 


The exoression [57 |i the este modulus Eat constant 
V. 
raiura. So, substituting P for E in equation 8:3. .we 


tamper, 
get Newton's formula for Ihe speed of aquind in air, Hence 











Coy sobettitiey: Wes watueal bt wtziewoticte ieaeune ait 
@enaity of alr at SP iv equation a5, we find that the 
speed of sound waves In air comes out in ba 280 ms, 
whereas ils experimental value 6 332 me’, 


To- account for this deference, Laplace pointed out that the 
compressions and rarefactions oocar so tapidly that heat of 
COMpresHors renin confined to tte agian wine tl H- 
Qeneraied and does not have time to fiw fo the 
neighbouring cooler regions which have undergo -an 
@xpansion. Hence Ihe temperature of the medium does not 
civic bes as Doyle's taw takes. the form 













. + tdolicapiiictantal geet civnciatl weston 
ni '— olarspneniic Hoel of ges -al christant volume 
iodide rhea ccgilouotativay real angio 
to (PAP) and volume changes tram Vip {Vs - AV}, then 
using Eq. £6 | 
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PY" = (P+ Ari. avy’ 
Py! iP apy’ me) 


Apolying Binaeial tieneam 


ea Sy alder 


Hence pause or | 
ar Pa Pay Po sahay ape . 


=. :. 
where: 1 is neaibie: Hone, we have 
W= ste tae 
v 


or oe shar 


%, 


Thus elastic modulue Lae | equals 7 P. 
ye ; 





Hance, substituting the value of elasbe: mockuigs. ine Eq. 83, 
we gol Laptach. papneasion fot ine spond PE RAaK Gi 





For alt T=14 soa S.TP. 


vedt@ #280 me "2333 me"! 
This value t-yery cloiss ta thd expotimenited WaliJe. 


tea 


* Ad | 
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aaa 


| Effect ¢ Variation of Pressure, Densit 


lemperatul in the Sneed of Sound ina Gas 
1. Effect of Pressure: Since density is proportional 


to the pressure, the speed of sound is pot aMecied by a 
varation in the pressure of ihe ges 


2. Effect of Danelty: At ihe same lomponalure and 
pressure for ihe gases having tha sare value of 7, the 
speed & inversely proportional be ihe-square root of 
their densilies Eq. 4.7 Thus ihe speed of seq in 
hydrogen ie four times fs: speed im oxygen-as density 
of carygen ty 16 Cire thal of hydrogen. 

a. Effect of Temperatura; When a gas is healed al 
eonstanl pressure, li volume ia ineressead and hance 
4s donsty is decreased, As 


ie 
i 
So, the speed is increased with rise in temperature, 
List 
= Soted of sound ald"C | f= Density of gas ai OC 
w= Speed of sound ati’C 86. 6 = Density ofgas at (°C 





then v= 2" acl vy Eyer 
Va ea ia 
| Tee 
m ~ ME : a 1 
Hence, ¥, = P eeb tira (a8) 


Wig have sludied {he vole expanmen of gases in 
prevines classes. HV, Ie ihe volume of a gae al 
bémpenabure 0 Coand 645 volureeat £°C then 


Vee Wo (1 ft) 
Whar: fl i-th coefficient of volume expansion of the gas 
For all gases; Vetus je about a Hence 











sat bat | 
Wie Ms | #4 s 55 | 


io) 


mae 


Since. Volume = ———— 
density 

m mmf, ft 

or ed pe 
es ier #5 | 


or pan rile ts | DeYouxnow? | a ; 


ee fies ial Lies OF s in sae at sea woe Pave 





<P ITS 


Ie Py (8:9) 


where T and 7, ame the absolute temperatures 

commgpanding fat C and 0 [C respectively, Thue, tie 

apeed af sound: vanes directly as ihe square rool of 

absolute temperature 

Expanding te LHS. of equation (8.9), using Binomial 

theorem and neglecting higher powied, we heave 
vests OF i =o Pal 
te Sag 

AS ¥p= 332 me" 

publing-this value in ihe 2" factor 





ee 
Glirerer Ihe lhe gpaned of wriured 





Fae fan he sped of soon. 


Thier “=u maa i 
; 5G 
or W= Wet 06 1 i : ‘ Ww reps A 48.11) 
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| Ag aT : 
BECKI 8 PRINCIPLE OF SUPERPOSITON 


aT So far, we have considered single waves. What happens 


whan bao Waves encounter each mihar in tie same 
a medium? Suppose two waves approach each other on a 
coil ol spring, ene iravelling lowards the right are the oihir 
travelling towards lof, Fag 8:7 showe whel you would see 
happening on the spring. The woven pass through each 
other without Being modified, After the encouner, each 
wave, Stape looks jel as it did befor and i bevelling 
long just a6 il wae before, 





This. phenormenan of passing through each olher 
fan be observed with all tips of waves You 
can-epaeity-see thal sire fer surface ripples 


Bul whatis going oneduring thé time when tha twowaves 
ovenap? Fig. 6.7 (ec) shows that the displacements thay 
Aroduce just add up. Al mach instant the -apring’s 
disctacement at army .point in the ovedap region # Hest the 
Sur of the cispeecerrients thal wnule be caviced Byosach df 
ihe two Waves separately, 





Thus It particle of a prendint & simultaneous) sated 
upon by n wanes such thet its deplacenvent due to each of 
the: lincivickied ho wien ba yi, a ec 4 Fe then Ine 
resultant diemleacemen oof ie particle, wneier tha 
gimultameeus action of these waves | te sigebraic-sum 
pot all the cesplacements Le 


vey Hot. : * iy 


This cudied prinerie oP superpoulican 





Hz 


Again, if “bare waves which cross --sach oher have 
Cppoaie ctese, their freulient risplacement will be 
Y2y = 


Particularly toy) = yo ten result (paceman Yr & 
Principle of superposition Ieads io many’ interesting 
Phenomena wilh wows: 


iy Two Wives having same frequency and 
fraveliing in ihe same direction (Inberlerence), 

ii Two wives of slightly differant frequencas and 
traywiling in ihe same direction (Beata) 

ll) Two waves of equnil frequency travelling a 
opposite dinection (Stationary weve). 


Superposition of two waves having the seme Pequency * 
and iniveBing in the. ine direchon rosuiis in 
phenamarnon called interference 


“An eqpanmental sat up bo observe interference: effect in 
ound Wawes: in teow ih Pig, B.6 fn) 









Fg 82) 


hinrersnce amin ores 

Bom. 5, PB aie bavi ef enbbhiuctivm unaitionenies. 

Paes 7, eral id Pay pois ot eros EET 
Two joud speakers S, and &) act as two sources of 
harmonic sound wayes of a fixed fnoquency produged by 
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An audio generator. Since the two speakers are driven frei 
the same penerater, they vibrate in phase, Such sources ul 
waves ane called coherent sources, A mictophone attached 
io a senaitive cathode my oscilloscope (CRO) acs of o 
detector_of sound waves, The CRO is-a device to display 
ie fp signal into wavelotm on its screen. The 
microphone is placed: at various poitts, tur by turn, an 
front of the haul speakers-as:chowm in the Fig. B. 5 (hh; 


i points Py, Py and Py a lenge signal is sean on the CRO 
(Fig. Bie}, whereas el pokws P, and Py mo signal is 
displayed on GRO scormen [Fag 3.6 (d)}. This. affect is 
asplainad in Fig. 4.8 (6) in which compressions and 
fairetactions are allernately emiied by both speakers, 
Continuous lines show -compressign and dotted lines 
show fartactions, At powts P,, Py end Ps, we find that 
compression, mats with a compression. and rarefaction 
meats a rarefaction, So, ihe displacemant of hyo’ waves 
ae added up at these polnis and a lange resultant 
Gaplacement. is produond whith is seen on ihe CRO 
soraen Fig. £.8 (cl. 


How from Fig, 6.8 (bj, ne find-thet the path difference AS. 
between the waves atthe point P; is 


AS=S:P\-5,P, of AS=afh -afh=k 


Similarly at points Py and Ps, path differance is zero ard -), 
Nea pec lively, 





Tharekuré, jhe ‘conditen for constructive inkeraranoe cam 
be writer ea 


AS= nk. : iid vena ee BAZ) 
whe n=O, 872) OS 


At points Py and Py. compression maneis wilt a rarefaction, 
ao thet they cancel each others effect The resulfant 
digplcement becores 2eto, as shown in [Fig.-B.ac}] 


Now lel ta ccalculate the palh. déferane betwoen ina 
waves-at poinis FP) and P, For point Py 
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48 =5.P) -S\P; oF 48 a ihe ; a 


Sienitarly ai P. the path diference is — 73. 





Therafora, the condition for destructive interference: can be 
written as 


ee) 


where ied iy iw! 2 os ater 


Tuning forks grve-oul pure notes (sngie frequency), If hwo 
buning fie A and Bool the same frequency say G2Hz are 
sommded separately, they will give oul pure notes, they are 
BOUNCE SimullanBOUsly, it will be difftcult-to differentiates the 
holes of one juning fork fram that of the other The sound 
waves of the bwo will be superposed on each other and. wa 
be heard by the human @ar 26-2 single pure note. if the 
luring fork Bm ioadedd with same wor’ or plasticane, 45 
frequency will be lowered slightly, say Mt becomes 30Hz. 


If mudaa the two tuning forks are soundad together, anole of 
alinralely increasing and decressing intenssty will be heard. 
This -note is called beat note or = beal which = dus to 
interference between the aound waves from tuning forks A 
and &. Fig. 8.9 (a) shows the waveform of te note emitted 
from a tuning fork A Similarly Fig. 8.9 (b) shows the 
wavetorm of the note emitted by tuning fork B: Whar both 
the tuning forks Aare B ane sounded together, the resulta 
wavetorm ta-ahown in Fig: 6.9 ich. 

Fig. 6.9 (cl shows how does the beat note cecur. Al-some instant 
the ditglacernient of the ben waves is in tha same dracton. 
Tho resultant displacenment is large and & loud soune |e here, 


i7s 


“ IW NVM WA 
. Wa 





Aer 16s the displacement of the wave due to one tuning fore 
is opposite to the dismacement.of the wave due-to the other 
toning fork resulting i a Timm displacement als hence 
iaintsound or no saundis heard. 


Another 14s later the diggacements an again in te 
same direction and a: loud sound Is: heard again at 2 ‘ 


This means a-loud sound je-heard two times in each 
agcond. AS thé differance of the frequency of the two 
tuning forks Is also 2 Hz 50. we find: that 





When the difference between the freguences of the two - 
sounds i more than abou! 10 Hz, thon it becomes difficull 
fo recognize the bats. 


‘One can use beats to tune a. Being mStumen|, suchas piano 
or Violin, by beating 2 note apaaiste note of bmown frequency. 
The string Gain teen be: adjusted tor the cesined frequency by 
lighteningor loosening # until no beats are heard 


Example 8.2: A tuning fork A pexduces 4 beats per 
gecond with another bmning fork &. it/i found that by 
Weacinal & Wor gotta: wens ne bast heeuier increases bb 
® boats per facond. It the frequency of A is 320 Ha, 
deterina te ruency o 8 when oes 


2 Since the beal fequency le 4, ine frequency 
of B ja either 920 + 4 = 924 Hz ar 320 - 4 = 316 Hz. By 
fomifing B ite frequency will Gacrease, That if 324 Fix is the- 
‘onginal frequency, the beat fraquency will reduce: On the 
ether hand, if iis 316 Hz, fe baat feciinrcy Wik noteaee: 
which ithe tase, So, tise otigitial frequency of the baning 
fork Bis 346 Hz and when loaded, it ie ate “22914 He 


In gn extensive medium, a wave travels in-all directions: 
from iis source wih a velocity depending upon the 
properties of the miodaum., Howowes, when fhe wale cones: 


Me} 


across the boundary of hwo media, chenlehaieybinsaor 
back, The reflected wive hes the same 

erent lrsane ten deng lac aoa thal 
nature of the boundary, 


Now we will discuss two most common cases of refection 
al the boundary, These cases will be explained with the 
help of waves travelling insiinky spring, (A slinky spring ip 
‘a loge apring which hes small intial jengit bul @ relatively 
large extincied length). 

One end of the slinky spring ia Ned to a rigid ‘support on a 
smooth horizontal table, When-s sharp jerk is given.up tothe 
free and of the slinky eprina towerds ihe site 4. o 


Hisplacerant of ig crest will trowel inom free-end to ihe: 


boundany (Fig.8.10 a), It will exerta force on-bownel and 
towards: the side A. Since this end is rigidly bound and acts 
an a denser medium, It will exert a reachon force on the 
foming in oppose direction; This force will produce 
dismacement downwards Bo and a trough will travel 
bagkwartks along the spring (Fig B10 b), 


From tha above discussion it can be concluded ha 
whenever a transverse ware, Itavelling in a rarer medium, 
encounters a denser medium: | bounces back such thet he 
direction of ts displacement in reversed. An incident crest 
an fefleckon becomes a iraugh: 


Thig-expenmentis repealed with. litle variaken by mtaching 
oneend ofa light string 16 as4nky spring and ihe other end to 
ihe ngid supporties shown in Fig-'6, 11. lf now the-apring @ 
gen sharp jerk lowerds A, a onest travels along ihe spr. 


aa shown in Fig, 8,11. When this crest reaches ihe eprng-- 


airing boundary, It exerts force en ihe string iowards the side 
A Sace ihe sing has a small mass as compared io spring, 
it dots nol oppose: the motion-of the soning: The and of the 
Spring, therefore, continued is displacement towards 4, The 
spring behaves as It has boar plueied wp in other words 2 
orest-is again created atthe boundary of the sprmg-string 
syslam. which irayels backwards along the spring. From this 
iL oan be concided thei wher a transverse wai iravetiieng.in 
a denser medium, is-reflected from the boyndaty ofa rarer 
medium, the direction of (ts displacement romans the same 

An meckdent crest reflected asa crest We are already 
farniliar with the fact thet the direction of desplacement is 
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reversed when there is change of 180° in the phase of 
‘Woration Sa, the above conclusion. can be written as follows. 


i) ila transverse wave travelling in a rarer medium 
fs incident on a denser mediurn, it is reflected 
auch that il undergoes a-phase change of 140°. 

ii} if a transverse wave {ravelling in a denser 

medium is incident on @ rarer medium, il is 

reflected without any change im phase. 












Now fet us consider the superposition of two waves 
moving along 4 sting in opposite directions. Fig, 8.12 
{a,b) shows the profile of two such waves at instants 
i=), 7i4, 2/47 and 7, where T is the time period of the 
wave. We are intarested-In finding oul the displacements 
of the points 1.2,3.4,5,68-and 7 al these instants as: the 
waves supenpose. From the Fig. 8.72 {a,b}, 4s obvious 
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that the poinis 112.5, abc are. distant 4/4 spent, i being 
the wanetengii of the waves. We can delennine the 
resultant displacement of these points by applying the 
Principle of superpostion. Fig B12 (6) shows the 
resuitant-disolacemant of the-points 1,3,5 and 7 al the. 
instants f= 0. Tid, Te, 37 /4-and T. i can be seen that 
fhe resultant displacement of these polnis i always 
zero, Theae points of the medium are known as nodes 
Fig. 8.12 (¢) shows that the distance between two 
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consecutive: modes i 2. Fig. #42 fd) shows. the 
resultint displacement of the points 24 and & at the 
jnetante § = 90, 74, Te, 37M and 7. The figure shows 
ihet these points ara moving wilh an amplitude whieh ip 
ihe sum. oot the amplitades of lim component waves, 
These pois are known && aniinodes. They are situated 
minway between ihe nodes eed ate alec 2/2 aperl The 
distance between-a node snd fhe nest antinodea |e 4/4, 
Such @ paler of nodes and animes is known os o 
finlionan) of slanding wave: 

Energy ina weve moves because of the mation of ine 
Particles of the medium, The nodes always remain at rest, 
80 energy cannot flow past hese points. Hence energy 
femaing “standing” in the medium between modes, 
sithough It allematies between potential and kinetic forms, 
When the antinates are allat their extreme displacements, 
the energy stored is wholly potential anei when they are 
SIMUIRENooUEty passing through their equilibrium postions, 
the energy is wholly kinetic, 

AN easy way fo generale @ Slationary weve if io superposed 
8 wave (revelling down a string with its refhection travelling 
in-opposite direction as eanteined inthe next section, 





Coier a atte ef length / which is ‘Kept steetotiod by 
Camping its andes so that he densign in tne string is F, [7 
the string ia plucked at as middle pov, two iransverse 
Wives will ofigetain Trom this point. One of them will move 
lowerds the Jef end.of the etring and the other towards he 
right end, When these weaves reach the hwo damiped ands, 
they ace reflected beck Inus-giving rise to-slatonary waves: 
As tha-twoends of ihe siing are clamped, no motion will 
lake place there. Sea nodes will me formed at the two ends 
ood ene mode of vibration of the string will-beas shown in 
Fig. 6.43 with the bwo. ends &s-nodes with one-antinode in 
betvean. Visually the string seems bo vibrate in one loop 
As the distance between two conseculive nodes is one half 
of the wavelength of the waved sel up in the string, eo In 
this mode of vibration, the tamgih | of the string & 


teks o 64, = 2 a (8.14) 





Fim a2 





where 4) is the wavelength of ihe waves sel op in this 
mode 


The speed w of the waves in the string depemis upon the 
tension -F of the sting and im, tha mass per unil kengih of 


the sbring. It is given by. vf afrogee. deed) 


Keowing tho speed ¥ and wavelengih },, ihe frequency f, 
ofihe waves is given by 


ray Saw 48 
Nee aap sts afin) 

Ay 4 ret ge | 
Substituting the valueaty ASST yr BAIT) 


af dm 

Thus in the first mode of vibration shawn in Fig. €.74, 
waves of frequency /) ony will be set-up in the given string. 
if the same siring is plucked fram one quarter of tts hengih, 
again stationary waves will be set up with nodes-and 
anbnedes-as shown in Fig. 6.14, Mole-that now (he string 
Wbraies in two loops. This partcular-configuination of roces 
and anlinoades has developed because ihe string waa 
plucked from the position of an antinode 6 the distance 
behveen two consecutive nodes ip half the wavelangih, so 
the Fig. 6.14 shows that the length | of atring is-equal fo 
the wavelengih of the waves gal up.in this mode. if hy is the 
measure of wavelength of these wees, then, 


Ag= i! vrbbhr es (818) 
A comparison of this equation with Eq 8.14 shows the 
wavelength in thie case. bs half of that in the linet case 
Eq. 8.416 shows that the speed of waves depends upon the 
fensien cand megs. per unit length of ihe -sinng. It is 
independgent of the paint from where the string ls- plucked 
io generate the waves. So the speed vot the waves will 
be same In two cases, 
lf & ts frequency of vibration of string in its second mode, 
then by Eq, Bt 


ne ed ae or ol ., “fBrTy 


Gamparing it with Eq. 8-16, we get 


TRO 


i, = 2f 


Thus when thacsiring. wibiles in two-loope, its dnecinesucy 
badontes double than when tt vibrates 9 ome foo. 


Siriiatly by plucking the string property, itcen be made io 
vibrate in 9 toops,with nodes and antnodes.esshown in 
Fig. 0.15. 


In thit Giese the frequency of wanes will be fy = 3 Fp ane the 
wavelength willbe equal to-2//3. Thos we can gay thet if the 
string § made to vibrate in in doops, the frequency of 
Blaloraery waved get Up Gn bie siring will be 


a 
and the wavelength 


i mL etme ne (821) 


iis clear thet es the string vibrates in more and more 
loops, . its cy goes on Beiicngal and a 
Wwavelengih gels Gonmespondingly shorter, However the 
product of the frequency and wavelength is always equal 
lov, the speedo waved: 


The nbove discrsson, cleoly ontablishes that the 
Sialignary ‘aqves ave a discrete sel of frequencies fh, 2h), 
SA cy A which is known as harmonto series. The 
fundamental frequency f; camesponds to the first harmonic, 
ihe frequency 4)= 2) conmeaponds te thie second harmonic 
end eo on, The slationary wives can be sel upon fhe 
string only with the frequencies of harmonic - series 
Setorménsed by the lonsion, longéh and mass per unit longi 
Of the sting. Waves notin harmonkt series are quickly 
Gamped out 

The frequency of a-string ona musical instrument canbe 
changed eliher by varying the tension or by changing te 
lengit. For ample, ihe leanaion in guitar ard violin strings |a 
varied by tightening the pegs on the neck of the inwtrurnent, 
Ones the instrument ce tuned, the musician vary toe: 
frequency by moving their fingers along the neck, thensiy 
changing the jangitvot the vibrating portion of te string. 
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Astending save patiem eo fone 
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For Your ionmatren 
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In ae crgen pipe, ibe porary 
dmang mechanam & feng 
even! ikon eet of oo dom Suhel 
whith interacts weth ihe upper lp 
and) Then air, coer e-. Uhee poee 
maintain o sisesdy ofciyrlion 


Example 8.3: A stee! wire hangs vertically from a fixed 
polnl, supporting a weight-of 50 N al its lower end. The 
diameter of the wink is 0.50 mm and its-lengih from the 
fixed point fo the weight i6 14:5 m. Calculate the 
fundamental frequency emitlad by the wine when if fs 
plucked? 


(Density of steel wine = 7.8 x 10° kgm") 
Solution: 
Velumeé of wire = Lengit x Anta of cross section 
Mass = Volume » Density 
therefore 
Aiass-o! wire = Length « Area of cross section Density 
So. mass per unit lengih m is ghen by 


m= Density © Area of cresa fection 
Qiameler of the wire = 0 = 050mm =0.5% 10" m 


UF 


Hadkietieutin es 6a =.25-5 10° m 


BB) 


Area of cross-cection of wite = tr = 3.14% (0-25 » 10° mye 


Few 
iherelore . 
m=7.8x 10 kom #314 2 (025% 107 my 
m= 1.53% 10"kgm 
Weight = 80 i= 80 homs 
Using thet gular (B77), wk pet 
1 fe 
i fi 
wy 
—$<$<$———— 
1 Bo . 
f= ae =Tis’ 
22.5 1 SRE al hom L 
of f=76 He 
8.10 STATIONARY WAVES IN. AIR ( + 





Safionary waves can be set in other media alan, siscn a5 aor 
column, A common example of vibrating air Soliris in ihe 


LZ 


Paap act The retdionsiip between the incident waveand 
the reflected wave daponds on whether tha roflecting and of 





harmenic ig given by 
a eae ; = ea reel er (Ba) 
FE ey A coco 


whee ie ihe speed of sound in alr and)" is the length of 
ee pipe. The equalion 6.22 can aiso be writlen as 
heh (823) 


ff a pipe is closed at one end and open at the other, the closed 
end is a nade. The modes of vibration in thie case are shown 
in Fig.8.17 


iitase of fundanrvental oie, the distenoe between a node 
and aniinode is one fourth of the wavelength, 


pe Serr et 


A : 
Hence, ieee “oF haa! 
Since ven 
Hence i= aed 
i ae 


ican be proved that in a pipa closed at ane and, anly odd 
harmonics are generated, which ar given by lhe equation 
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ren fps nil 


Hee pd 
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where ss BO Se 


This shows that the pipe, which is open af both ienkds. 6 
fcher in harmonics 


Example 6.4: 4 pipe has a length of 1 m, Determine the 
frequencies: of the fundamental and the first two harmonics 
(a) the pipe is open at both ends and (5) if the pipe fs 
closed at one and 


(Speed of sound in-air = 340 me’) 


Solution: 
= | 
a) fe eg DROS seg ge 170 He 
Fi) 221m 
he2h=2e 170 Hz = 340 He 
ani h=3f, 53% 170 Hz= 510 Hz 
b) j= Ome ae yt = 85 He 


al 421m 
In this.case only odd harmonies ara present, so 
R= 3% = 3" 85 He = 255 Hz 
and R=68f=5= 85 He =425 Hz 


8.11 DOPPLER EFFECT 7 | 


An important phenomenon observed in waves if the 
Doppler effect, This effect shows thal if there is some 
relative motion between ihe source of waves and the 
observer, an apparent change in Niet acid of the waives is 
obsennadl 


This affect wet observed by Johann Dogysber witha ty wars 
observing the fraquency of light emitted from distant stars. 
in some cases. tha frequency of light emitted fram a star 
wat found in be-slighty different from thet emitted froma 
similar source om the Earth, He found thal the change in 
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frequency of light depends on ine motor ot siar nelative to 
the Earth. 


This. effect can be observed with sound waves atso, When 
an observe: is standing ona radwey platform, ihe pitch of 
the. Whistle of en appnoeching: locomolive is heard to be 
higher. Bul when the game locomotive moves away, ihe 
plich of the whistle becomes lower, 


The change in ihe frequency due to Doppler affect can be 
calculated sesiy if the relative motion babween the source 


and the observer is along 9 straight line joining them. 
Suppose ¥ is the wilosity of the sound in the medium and 


fhe Source aniis-a sound of froquency Fand wavelength 2 . 
tebothn the aeurce end the observer are stabenary, then ihe 


waves received hy the observer in one second are f=. 


an observer A moves towards the-source witha veboclky th, 
(Fig, 6.18), the relative velocity of the waves and the 
observer is incroased fo (v *u.) Then the number of 
waves received in one second or modified frequency fy, is. 


,= — 


Pulting the value of 4 = “f the above equalan booomes 


ve ip 
anil) 

) 
For an observer B receding fram the source (Fig. 8.19), 
the relative we of the waves and the observer is 
diminished to (v= 0). Thus ihe observer receives waves al 
@ reduced rate. Hence, the number of waves received in 

Fog * 

Ome second in this case is ee 


s 


ify ts 
[eepre renee 





N25) 





if the modified frequency. which the observer hears, is fy Rest ra ia senor fant the 
ther surrey: 


[#5 
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rane as vru. ; te : : | 
ar fn = fog =f (2) sebaiaaaee (828) 


Now, if the source if moving towards the observer with 
velocity u, (Fig. 8.20), then in one second, the waves are 
compressed by an amount known 8s Doppler shift 
repneserrbed by 3. 


a) 


a 


The compression of waves is due tothe fact that-came 
number of waves are contained in. & shorler space 
depending upon the velocity of the source, 


The wavelength for observer C is than 
kesh - OA 


ae) 


For the observer 0, there will an increase in the 
werwehamgth green Ey: 


c= a #Ab 


ie Cray 
ton Fa e)=[ | 
foot fry 


The modified frecpescy for observer C is ihan 


it fer kof am 


and for the obeerver 0 will be 
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(8.28) 


vo fw 
{5 = eit eer 
a “ a 
This. means that the observed frequency increases when 
the saurce is moving towards the observer and decreases 
when source is moving away from the observer. 
Example 8.5: A tein approaching @ station at 
SOkmt sounding a whistle of frequency 1000 Hz. What will 
be the apparent frequency of the whialle es heard by 3 
lislenar sitting on the platform? What will be the apparent 
frequency heard by the same lietener if the train moves 
away from the sialion with the same speed? 
(speed of sound = 340ms"') 
Solution: 
Frequency of source = f, = 1000 Hz 
Speed of sound = 340 ms” 
Speed of train = u, = 90 kmh’ = 25 me” 


When train is approaching towards the listener, then using 


the relation 
ra( |r 
v=a, | 


=1 F F. 
pe fear x 1000Hz =1079.4Hz 





When train is moving away fram the listener, then using 
the relation 
r=[ Ms 
vero 
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Doppler effect Balbo applicable to electromagnetic waves 
‘One-of Its important applications is the radar syaten, which 
Uses tadio waved to determine the elevation and speed of 
an deroplano. Radar it a devee, which transmits and 
receives radio waves. [fan aeroplane approgiues toyerda 
the factar, then the wavelength of the weve reflected from 
aeroplane would be shorter and if lt moves away, then the 
wevelengih would be larger as shown im Fig. 8.21, 
Enmilarly speed of satellites moving around the Earnh can 
also bo detenminod by Utes saerie principle. 


Sonar an acronym ceived from “Seund navigation and 
rengng” The general name for sonic or ulfmesonme indenwatar 
echo-ranging and echo-sounding system. Sonar is ihe name 
ol @ technique for detecting ihe presente of objects 
underwaler by acoustical acho. 


In- Sonar, “Doppler detection” rales wpon ihe relative speed 
of the target ane ihe detector to: prowede an imdeceation of the 
target speed. bt onpioys the Doppler effect, in which en 
apparent change in frequency occurs when te source and 
the observer ace in teliilye motor io one another, ite known 
military applications include fie detection and ication of 
Submarines, Contra) of antisubmanne weapons, mine hunting 
and depth measunementot sea, 


Aironomers use the Doppher-effact to calculete the speeds of 
dist stars and Galaxies. By comparing the Erne spectrum of 
light from the star with Bght from ia laborsiory source, the 
Goopler shih of ihe star's light can be measured: Then ihe 
epad of the shar coir Een comcast teed, 


Siars moving towards the Earl show-a blue shif. This is 
because the wavelengin of fight emitied by ihe star ans 
shiorier Chuan if thee star had bean et pest. So, the-epectum is 
shifted iowards shorter wavelangih, Le. to the blue-end of 
the spectrum Fig. 8.22). 


Lae 


Stars omeving away fron fhe Eeth show @ fed shift, The 
emitted waves have a longer wavelenghh than ifthe star had 
boon at meat So the spectrum is-shilted towards longer 
wevelengih, |e. towers tho md ond of the spechrim 
Aaironomes have-aleo discovered thal af the distant 
palaiies are moving away from us and by measuring [her 
ted shetts. (hey have eslimated fair speeds. 


Another important appliciton of ihe Doppler shit using 
eeciromagnetc waves: Ie ihe mdar speed trap. 
Microw andes sine ernitied from a ireneenitiar ty short bursts, 
Each Surst is reflected off by any cor iy the path of 
microwaves in between sending out bursts. The inanemitter 
is Gpend to delecl reflected microwaves. fl the refieckon 
S-raused bya moving obstacle, fhe reflected mintowaves 
ar& Doppler shifted. By measuring the Doppler shift, the 
spoed al which ihe car moves if calculaléd by computer 
(PIC Fare, 





SUMMARY. 


« Waves cary energy and ihis-onorgy 6 cared aut by a dishuthance, which spreads. 
oul from ihe source. 


” it the particles of the medium vibrate perpendicular to the direction of propagalice: of 
the wave, then such wave |i called transverse wave, @.9. light waves. 

# if the partcle-of the medium whrate parallel to ihe direction of prmpagulian of thie 
wove, ihansuch wave ls cated longiludinal wave, 6.0. sound wayes. 

« i @ pertcie of the medium fe simufianscesty acted upon by bwooweves, (her the 
resullant diipliceme|nt of the parice fs Ihe sigabraic sum of thelr individual 
displacements Thitis paiied principe cf superposition 


« When two Waves meet each other in a medium then at some points they 
reinforce the effect of each other and at some other paints they cancel pach others 
ofect This phenomenon is called interennce: 


« The penodie vanabers of sound between maximum and minimum joodness ae 
called besin, 


« Stationary waves are produced in a medium, when two identical waves travelling in 
oppesite direchons interfere in that medeum 


» The apparent change in the pilch of sound caused by the relate motion of aaher the 
Bourne of sound othe listener is called Doppler affect, 
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What fnatures.do longitudinal weaves have in common with transverse waves? 


The-five possible waveforms obtained, when the quipul froma microphone is fed 
inte the Yeinpul of cathode ray oselescope, with the lima base on, ane shown In 
Fig.6.23. These waveforms ave obtained under the same adjustment of the 
cathode ray oscilloscope contrets, Indicate the waveform 


which trace represents the loudest note? 
which trace represents the highest frequency? 


PODS 


Is if possible for hwo identical waves travelling In the same direction atong a string 
to give riser to a stalonary weley 


Awave is produced along a stretcher vtring fut some of its particles permananth 
show zero disglacement. What type ot wave fp it? 


Explain the terms crest, hough, node.and ante 
Why dors sound trowel faster in-selide than in gases? 
How ate beats useful in tuna musecel freabumerria? 
When two notes-of fnencies fond fy are sounded together, beats are formed, if 
f>%. what wil be the frequency of beats? 
ih heh it : if, * Gy 
ii) he iv} : ii — Fh 


As a resull of a deslant ewplosion, an observer senses a ground tremor and then 
hears the explosion. Explain the time dferenins, 


#10 Explain why sound travels daater in weem alr than in cold air. 
£11 How should a sound sounce move with respect to on observer so thet the Inequency 


of fie sound does not change? 


10) 
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NUMERICAL PROBLEMS 





The wavelength of ihe ehgnals fem a radio transmitteris 100 mand the frequency is 
200 Wikis. Wha isle warvebengih for a transnifier operating at 1000 kHz and with what 
sped the radio waves inonveal? 

(Ans: 300m,’ 3.410" ms") 
Tw Speakers:-are aranged ae-chown in Fig. 6.24. The distince beiween thenis dm 
and they emit a constant tone of 44 He A microphone Pols moved. along a. line 
parailal io and 4,00 m from the line connecting the two speakers. it i found that tone 
of maximum budness i heard and dispiryed on the CRO wwiren microphone it-on 
the centre of the ling and directly opposile each speakers. Calculsie the speed of 
Sm. 





f 
= cee eae 


(Ana: 344mg) 

4, stationary wave is established in a élring which ia 120 cm long and fixed at both 

ends. The shing vibrates in four segments, al a Inequency of 120 Hz. Determine its 
wavelength and the fundamental frequency? 

(Aris: 0.6 m, 30:-Hz} 


The frequency of the mote emitted by a strotched string is 300 He, What will bev tha 
frequency of thie note when; 


the Jength of the wave is.reduoed by ona-fard wilhoul changing the bensaon 
ihe tension is neneased by oneihind without changing Gep-langth of ihe wire. 
(Ans: 450 HG Hz) 


An organ pipe has. a lengli of 50 cm. Find the frequency of its fundamental note 
end fhe next harmonic wher i is 


operal beth andes, 
closed alone and, 
(Speed of sound © 350 ma!) 
[Are fa) 350 Hz, 700 He, ib) 175 He, 525 Hz] 


{ot 
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ar 
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a) 
b) 


A churchorgan consisis of pipas, each open atone.end, of differant lengths. The 
minimum length te 30 mm aed thee longest is 4m Calcuksin tie Pequency range of 
tie fundamental motes, 
(Soned of sound = 340 ma!) 

(Ans: 21 Hz to 2833 Hz) 
Two baning forks exhibit brats a a beat frequency of:3 Hz The frequency of one 
fork is 256 Hi Its frequency is then lowered slightly by adding a bit of wax to one 
of its prong. The two forks then ewhibit a beat fraquency of 1 Hz. Determine. ihe 
frequency of ihe secand tuning fork, 

(Ams: 259 Hz) 
Two cars P and are travelling along. motorway in the sare direction. The leading 
car P travels al 0 steady speed of 12 ma; the other car Q, travellingeta sleady speed 
of 20 ms, sound its hor {o emit @ steady note which P's driver estimates, nas a 
frequency of BS Miz, Wha imequency does Ors own driver heart © 
(Speed of sound = 340 me") 
(Ans: 810 Hz] 

A iran sounds: ts hom before it sets off from the-stalion and en observer walling on the 
platelorm estimates fis. fequency at 120 Hz The jrain than moves off and 
accelerates: steadily. Fifty esconcs afar departure, the driver sounds the hom apain 
and the plataforn observer astimates-the trequency al 1140 Hz, Calculate the train 
‘speed 605 after departure. How far from the slaboris the train ater ads? 
(Speed of sound = 340 ms‘) 

(ane: 179 ma", 46 mi} 
The sbaorpben spectrum. of faint galasy is measured and ihe wavelangih of one of 
ihe lines identified ae the Caloum o lime is found ic beara om. The sere line has 
a wavelangih of 397 nm when measured in alaboraloary, 


ls He galeoty moving bewerdé-or away from the Earth? 
|(Catoulate the speed of the galaxy relative ta Earth. 
(Saeed of fight © 3.0.0 10° ms) 
[Ans: (a)-eway from the Earth, (b) 6.1% 10° me] 
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Learning Objectives ~ 
Al tne and of this chapter the students will be able to 


Lindersiand ihe concept of wavetront, 

State Huygen’s ooincdle, 

Use Huyger’s princeple io explain linear superposition af ght 
Understand interference of light. 


Describe Yaung's double slit expenment and he avidense it provided te support 
tee wae theory of light, * 


Recognizeand express colour paberms in thin films: 
Geacibe ihe fommaton of Mewton's rings 

~ Linderstand the working of Michelson’s interferometer and its uses. 
Explain the meaning of the term diffraction =” 
Describe direction at m Siegie slit, 
Derive bepquation-for anqutar positon of first minenurni, 
Cevive the equation d sind = mi, 
Cary out calowlaiiong ian ihe ddfraction grating formula 
Describe ihe phenomenon of diffraction of X-rays by crystals, 
Appreciate ine use of diffacion of xrays ty oryetala. 
Linderstand polarization #5 a phenomenon associated with Inanaverse waves. 
Recogze and express that potanzabon is produced by a Polaroid. 
Understand ter effect of rotation of Polarted on polarization, 
Lindarstand how plang polariced light ts produced and deteced 


ii (Ont ts & type of energy which produces sensation of vision. Bul how does this energy 
propagate? in 1678, Huygen’s, an eminent Dutch sclantist, Proposed that 


oa 





light energy froma luminaus eource travela-in space as 
wives. The axpennenial evidence in-suppodl of wave 
theory in Huygens lime wee nol convincing. However, 
Young's terferance experiment pertormped foe lt first tirras 
in 180 proved wad nature of ght and thus established the 
Huygan's wave theary. In this chapter you wil study the 
properties of light associaied with its-wave natire, 





Consider a point source of light at S (Fig. $41 a). Waves 
emitted from thes source will propagate outwards in all 
drectons with speed c.Afer time ¢, they will meach the 
Surface of an imaginary sphere wih centre aa 5 and radius 
a6 cf Every point on the surface of this sphere will be set 
into vibration by ihe waves reaching thare, As the distance 
of all these points ine the sounce is the same, thelr state 
of vibration willbe identical, In other words, all the poets 
on the surface of the sphere will have the same 
phase 





This dn case of a point source, the wavetront & spherical 
in shape. Aline normal to the wavefront, showing the 
Girection of propagation aflight ts:called mney of Tight, 


Witt time, the wave moves Farther giving re bo mew weve 
fronie. Ali these ‘wevefronts wil be concentric spheres of 
incteasing radi as shown in Fig. $4 (a) Thue the wave 
propagalesin space by the motion of the wawelrants:. The 
distance between the consecutive wavefronts is one wave- 
hengéh. Wi can be seen thalas we: move away at greater 
distance from the source, tha wavatronts ane pats of spheres 
at very lange radil_4 lirméed region taken on such a wavefront 
can be regarded as a plane wavelront (Fig.S 1b) For example, 
iightfrom the Sun reaches the Earth with plane wavainonts 


In the stuch of Interference and adiraction, ane wees and 
plate wavelronis ane considered. A. usual way to obtain a 


[a4 


plane wave & {o place a point source of light at the focus of 
aconvex bons. The rays coming oul of the bens will cometitite 
plane waves. 


Knowing the shape and location of a wavefront af ary 
instant f, Huygens prince enebles us lo doberman the 


shape and jocation of the new wavefront at a later time 
Peal) Thigprincipie consésts of we parts: 


ql Every point of aowavelront may be coneidend ee a 
source of secondary wavelets which spread out In 
forward direction with a speed equal to tee speed of 
propagation of the wave. 

) The-now postion of tha wavefront afer a certaln 


intirval of time can be found by constructing 4 
surface thal touches all ther seconeiary wewelets- 


The principle is fivetrated in Fig. $.2-(a)) AB represents the 
wavelronl at any instant fh Te determine the wevrelront at 
fet? At draw secondary wavelets with centre at various 
polis on ihe wavetron AB and radius as cAl where ¢ is 
ied! ihe propagelion of thewavess shown in Fig.8.2 (a), 
The new wavelront altime f+ Al is AB whichis o 
linger erveige in 28 ihe secondary wavelets. 


Figure $2 (b) shows a similar comsiruciion for a plane wave- 
irom, Y 


Src] film fiagiing on water surface exhibits beautiful 








elcie brwaitn This happens due to interference of ligt Lia |p 
wanes, the phenomenon, which is being diecussed in this ies Pas 
ecko. 
Pig fa 
Conditigns for fietectabin [niterienence deygene ehateection Mak tor 
cpeteratna 


i wae shidied in Chapter 4 that when two’ waves travel, in sroneved At EP aad CO are the 
the sme medium, they would interfere constructively op | 7 toler wnsverkorrete. 
destructively, The amplitude of the resultant wave will be 

oreaber then either of the individual weve, if they interfere 

chnammuctively, In the case of desinictive interference, the 
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armplitide of the resultant weve will be lass than eaher 
Of thm individial wayne 


Injerference of bghi waves is noleasy to obser because 
of the random amission of light froma source. The 
foBowing conditions mass be met, In order to observe the 
phenomenon 


1. The intedering beams musi bo monochromatic, 
that is, ofa singla wavelength. 


i 


The interfering beams of light must be coherent 


Gonsider twa or more soutces of light waves of lhe sane 
wavelength. Hf ihe sourtes send out crests or troughs at 
ihe same inatinl, the individual waves maintain a constant 
phase difference with one annie, The monochromatic 
sources of light which emit waves, having a constant 
phase diforanch, ate called coherent sources, 


A common method of producing two coherent light beams 
ls 0 us80 a monechromagic source fo Munminele a screen 
Sontaining two small holes, usually in the shape of slits. 
The fight emerging trom the hwo slits ts coherent because a 
single source produces. the original beam and two slits 
sence only to split A into bwo pers. The pois -on 5 
iuyipeni's wavelon which sand oil secondary fore bate) | by 
are also coheren sources of fight. 


Fig. 9.3 (a) shows the eaqpenmental arangeneent, semilar to 
thal devised by Young In 1801, for studying interference 
MMfects oof light A screen having two manow silts ts 
Iuminated-by a beam-of monochroenatic light, The pocign 
af ihe wavelront tucident on ihe slits behaves as 8 source 
of secondary wavelets (Huygens principle} The BeCOniary 
wavelets leaving the sits are coherent Superposition of 
these waveleia result In a series of bright and dark bands 
(iringes) which are observed on a Second screen placed al 
Sore distance parallel to the firstsereen, 


bel we now consider the fornaien of bright and dark 
tends. Aa pointad oul eariier the fwo sits behave 35 
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coherent sources:-of secondary waveteis. The wavelets 
anya af ihe screen in euch @ way inal at some pointe 
oresis fall on crests and iraughs on resulting. in 
constructive interfarance and bright fringes ase formed, 
There are-some points on the Screen where crests moet 
troughs giving tise to destructive interference and dark 
fringes are thus formed, 





In-ordar: to dheriye equataons: for maxima and mini, an 
arbitrary point P is taken on the screen on one Bide. of 
the central paint O as shown in Fig. 9.3 (co), AP and BP 
are fhe paths of the rays reaching P The line AD ic 
drawn-such-that_ AP = DP. The separation between the 
centres of the two slid is AB © d. The distance of the 
screon from thea slits is CO = L. The angle between 
GP and GO le 6. ft can be proved Ihel the angle 
BAD = 0 by assuming that AD is noardy normal to BP 
The path differance between the wavelets, leaving the 
alits and arriving af PF, ie BO. |e the number of 
woweliengihs, ocotiained within BD, that determines 
whether fright or dark fringe will appearat Pit the pain 
P isto have bright fringe, the path diference BD mist he 
on infegral mettipte of wavelengih. 
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Geamelricd! canmituction of 
‘nang doutre sit aepertra nt 





Thug, BO = mi, where m=O, 1, 2)..4 
Since BD= @ gino 
therefore fish =ma atte (9.1) 


“it 5 observed that each bright finge on_one side of 0 has 
eymenetnically located bight trings on the other side.of 0. The 
central bright fringe is obtainad whanim = 0. Ifa dark tinge 
appears al poinl P, the path difference BO must contain 
hei inelespranl aa at 


Thu 80 ={ me: 3), 


theretdre, din ‘ +4) i Seka 


The first dark fringe, In this case, wil obviously) appear for 
m= 0 end second dark form = 1. The iniererence patlern 
formed in the Young's experiment is shown in Fag. Oa-(d) 





Fig. 8 et 


Equations 9.1 and 9.2 can be applied for determining tee 
linear distance on the scraon behwesn adjacent bright: or 
dark fringes. if ihe angled) is small, than 


fin Ba teeth 
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Mow from Fig. #4 (a). tana = jl, where y in the distance 
ofthe point Potro) Ho Bright fnnges ctsened al P 
then, fom-Eq. 9-1, we get, 
ki 3 
Yaad ah: biaiucpiia RS) 


i Pls to have dark fringe it can be proved that 


¥a ined ae seeretnie (8.4) 


In order to determine the didance between bwo sdjacer 
bright fringes on ihe soreen, mih and (im +1) th fringes are 
consedered. 

Ab 


For the mih bre fringe, fr=m =- 


and forthe (mm + th bright fringe Voor =(m +1) 4 


Ifthe distance behweean the adiacent bight fringes 184 ¥, 
inher 


AV= mer Ke =(m+1} eh i 
Theretore., Ay = r Peryys rina) (8.5) 


Samilarly, the distance between two adjacent dark fringes 
canbe proved to be Abed) this, therefore, found thal the 
bight and dark fringes are of equal widlh and are equally 
apaced 


Eq. 9.6 reveals that finge spacing increases fed 

gh (lang wavelengih} |e used aa compared to blue light 
(short wavelenglih), The tinge spacing varias directly with 
distance L between the slits and soreen and inversaly with 
{he separation d af the slits, 


I) tre papatation d bebween the bao slits, ihe ordorm of a 
begti-or dark fringe and fringe spanng yy are. known. the 
wareengih ) ofthe light used for interfarence-elee! con bs 


Gatarmined by applying Eq. 9) 


Pou 
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Example 9.1: The distance between the sits In Young's 
dowhle sit experiment ia 0.25 om intarierence innges are 
formed on ascneen placed ala diaiance af 10cm trom ihe 
slits, The distance of the third chark fringe from the central bright 
brings is-0,059 om. Find the wawolengthol the incident light. 


Solution: Given that — 
g20.260m=2 59 10%m 


y=0 059 cm =5 9 © 40 m 
2700 em = 1m 


For the 3” dark fringe m = 2 
. bth wis 
- Saxo? m ¥25e10" m 
la +1gherm 
Vi $5,900 107 m * 590.nm 


Example 9.2: Yellow sodium fight of wavelangih 529 nm, 
amitied by @ single source passes through two nmancw 
6s 1.00 mm apart. The interference patiern ts observed 
On @ screen 225 cm away. How far apart are Iwo adjacent 
bright fringes? 


Solution: Given that 
45 589 nm-= 569 = 10" m 
é a= 1,00mm = 1.002 40%m 

b= 225 cm =2.25m 
Ape? 
Using sy ™ a 
typ = S08 2107 mx 225m | 
On 107 m 


‘y=1.38 5 10%m - 1.33 mm, 
Thus; the adjacent frings will be 1.33 mm apart. 
200 





A thin fit ia @ trepsgarest medium whose thickness io 
comparable weit ihe weavetengit of teh Gniitant ane 
Beauttul colours. in soap: bubbles and oll film oon the 
sutface of wale ooo due io interierence of light reflected 
from the two surfaces col the film as explained below 


Gonsadter a thin Mimo! a refecting modium. A beam AB of 
monochromatic ligh| of wavelength oe incicdenn on ib upper 
surface, It 4s patty rellacied stong-BC and panly refracted 
Into the-nedium along BD. At Oi Sagem -parily reflected 
laid the medium along DE and then at setracled etong EF ee 
liawre in Fig. 8.4. The-beame BC and EF being the parte of the sere 
primary bear fea a phase oonerence. Ag ihe film is thin, so ihe 
separation bebwesn ihe beams AG and EP wll be very srrall 
ane they will superpeee sand (he resull of their infeterenoe 
will be Selected by ihe eye" il can be saan in Fig 8.4. that 
ineongeisl beam ezeis rid twa parts BC and EF cot S65 he 
thin film enter the eye after covering different lengths. 
of pate. Thee path differance dopehds Lipon (i) fecknets 
and nate of the fir and (i) angle of @éidenee if ine twa 
reflected wives heinloroe each othe, lhan ihe flim as seen 
with the-helpol a pataBet beam ol monochromatic light 
will (o6k Bright. However the thickness of ime Aim and 
engle ‘of incidence erééuch thal the bo mefleciad waves 
Gancelaach other, the film will ook dark. 


IParhite feght-is encident-on @ film of inpgular ihic¢kness at all 
Possible anges, we shou consider the. intederence 
pattern due-to seach spectral colour separately, It equi 
Bessible thal al a cerain ate on ire film, its thickness 
and the angle of ingehenne of ght ang -such that ihe 
condition of destructive intetarance of one colour ia being 
satshed, Hance, that portion of the lien will exhébi the 
remaining constiuent colaurs of ihe wivte igh as shown in 
Fig S.5 





When sa pland-conves tens of long focal eegih te placed in 
Covi! with a plains glass piste (Fag. 96 a). a thin air film 
enicsed between the upoer surtece of thoy glass-plate-and 
ihe lows surtece of the jens. The thickness of the alr flr 


ait 








Geto etrail -Gongtraction of 
rreterireco ot Papin chives bo a then od! 
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‘The ai aibrageree of feacice 
fnerivert Mra to ormctrenca it Thee 
tyre fefeced oe A compare 
tapered farticm ; 





interferes parte penduned by a 
Kecerep iy essay by whi 


aimest zero at the point of content Qandil qretieally: increases 
a5 one proceeds towards the penohery of the lanes. Thus, tha 
points where (he thecknese of air film constant, will iaon a 
cacle with © aé canis 


By means of a sheet of glass G, a parallel beam of 
manochnomeabe light isneflected towarde the plano-convex 
lens L, Any fay ol mampchramalc Bgnt tat-sinikes ta 
Upper surface of tha ae Bim nearly along normal be puetly 
raflecied and party reiracted, The ray nefracted in fhe 

* gir fir is alep reflested peirtiy cat the lower surface of the 
Fig. 88 (a) fim. The bwo reflected rays, Le. produced at Mar iapper 





Expatinestal artangemeel taf =o and lower surfaces of the flim, are coherentand interiors 
escape vary Meret Ferg: constructively or destructively, When the light reflected 


upwards G observed trough a microscope hl which is 
focussed on the glass plate, series of dark and bright nage 
are-cean with ‘centre at oO (Fig. 9.66) These concentric 
nngs are Known. es Newtons rings. 


Ad the point of contact of ihe fens andthe: glass plalo, the 
thickness of te film & effectively zero botdue to reflacton 
at ihe lower surface of air film from denser medium, ar 
additional path difference of 2 is introduced. Consequently, 
ihe centre of Newton rings Ip dark due to destructive 
interference, 


Fig. 0.0 (b) _ 9,7 MICHELSON’S INTERFEROMETER —~ , 
4 gute bf Mawson am ie 
cinriereten ut pligred: 


Michalson's eforloromoter isan ieinarend tat can ber asee| 
la measure distance. with exirarmesly high precision. Alber 
ae A Michelson devised this insirumant in 1884 using the 
¥, idea of interference of light rays. The essential fealures of a 
Michelson's inierenenelar are shown schematically in Fig.8.7, 


lL + 3 Monochromatic fight from an eiended source fais on a 
" “, 





> (ma half sivered glass phite G, thal pariislly reflects if and 

one a, partially banamits it. The reflectad portion labelled as | in 
* the fqune travels adigiance L, to mirror hy, which reflects 

=; the beam back towards Gy. The fall siverad plate Gy, 

A parkally transite this portion ihal finally anrives ai tha 


Fig observer's aye, The trensmilted portien of scp ata 
ices beam labebedas [travels adistancea Ceo mirror My whic 

Ssfuerisie hepa ol a Mitte a 
interior orrenter. reflects the beam back toward G). The beam fl parially 
fofleciod by Gy also arrhves the observer's aye finally The. 


az 


plate Gy, cul fran the same piece ol glasa mo), 9 
intodaced in tha path oat beam Tes a componsador plabe 
G;, therafore, equalizes ine path ength of the baams Land 
iin glass: The two beans having then. delfensnd pata are 
coherent, They peadice-intetersnce affects when, they 

@irive al observers ayes. The ctieerver ihen seas a sens 
of parailel intefersnce fringes. 


Ina practical inederometer, ne miner) can be. mayad 
along the direction perpendicular jo Its surface by means of 
a precision ecrew. Asie length L, is changed, the paitemn 
of intertenmnoo fringes je. observed to shit if My is 
displaced through @ distance equal to LZ, a palhdtterence 
af double of fies Geplacament is prodiucsd, te, equal tos 
Thue a fringe is agen shifted forward acrosa ihe line of 
reference of cnass wire in the aye piace ofthe inkesooger user 
io veew lhe fringes. 


A fringe is hited, each time te minor is displaced 
throughs/2, Aenoe, by counting fia nurnber mot ie fringes 
which are shifted by lhe dieplacemenL of ihe mirror, we cari 
‘avr bin EP eee nent, 


i guitare Aa) 
team 5 (8.8) 


Very praciae lengli. measurements can be made wih an 
interfaromister, The motion of miner My by only 444 produces 
& clear diferance botween boighiness ard darkness. For 
i. =400 nm, this means.e high precision-of 1).om or 1 mm. 


Michetson memestired the length of dtandard matre iy lens 
of ihe wavelengin of red cadmium tight and showed thal 
iho andar mere wee eqdivelent to 1/653,163.6 


wavelengihs of ihis-lght 


In the inbetinrorice falter obtained wih Youngs double siil 
experiment (Fig. 3-3 ihe oaniral region of tha fringe syeter| 
is Geght, (Plight iraveta-in a eiraight line. the cantrel region 
should appear dark be, Ihe shadow of the ecreen between 
ihe S00 sli. Another simple aspenment can be paronmed 
for exhibiling the same efact 


ats 





A ieeingesph al Micheteon 
herefororrertar. 
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Consider thal a smell and smooth steel ballot about mm 

Gomer ) CeeNeter BS illurranated by e-point source of ght The 

Stade shadow of the-objectis moaned ana screen as shown in 

} Fig. 9.8. The shedew of tha spherical object is not 

completely dark but has .a bright spot at its centre, 

| Bocordirig te Hoygen's principles secon point on the fim 

|) of the sphere behaves a5 @ source of sacondary 

“wavelets which Muminale ihe centra! region of the 

' shea, 

He a “These bo experiments clearly show that when fight travels 

Berdig: of igh come? ty lim =opast an obstacle, it does mol proceed exacil 8 
Jasenincastusphaictoties: straight path, but bende around the abstacie, gi 





The phenomencn is found to be prominent when ihe 
warolongth of fight is large as compared with the size of 
ihe obstacle of apertura of the elit. The diffraction of Gght 
ooours, In effect, due to tha interference between rays 
coming from different paris of the same wavefroni, . 





Fig. 99 shows fhe experimental arangement for siudying 
diffraction of fight die to a nmrow slit, The si AB of width ois 
illuminated bya paraliel beam of monochromatic ight of 
wavelength... The screen 3 ie placed parallel to the allt for 
Observing the effects of the diffaction of ight, A-small partion 
Gf ihe mocent wavelront passes through ihe narnce elit, 
Each point of thie section of the wavefront sands oul 
BECOME WEVEIELS bo ihe soneen, Those wavelets then 
interfere to prociece the diffraction pattem. It becomes 
simple to deal with rays In@iead of wavelroanis as sican in 
lhe figure. In Wes figure, only nine rays have bean drawn 
‘ whergas actually there-area large number of them. Let us 

‘ = Conse: rays: 1 and ech Bre in phase oir ihe 
Tan The Sch wivess . «© Wavefront ABWhen these reach the wavetront AC, ray 
BOLEDIES Oe ERDONICTY wave!» § would have e path differance ab say equal bo Al2. Thus, 
whan (hos tye rays reach point Poon the sree, Whey will 
interfere destructively, Similarly, all other pairs 2 and 6, 3 





id 


and?) 4 and 2 differ in path by Af2-and wit do the same 
For the paits ol rays, the path daferesce ab= of? sin i 


The -equabon for the first mininwen is, han 


ee 
3 ees 


or dainibe 2 eer ry 


in. general, the condiions for diferent orders of minima on 
elivar side: of oenire are given by 


sngems wher met (Pi) *3.8)) 


The fegioh boiween any two consecuive minena both 
above and below © will be bright.A marrow silil, iherelore, 
produces 2 series of bright and dark regions with the first 
bright region at the centre of ihe patie: Such a diffraction 
pation is shown in Fig. 81th) and (b}, 


A, difftacton- grating is aglass- plate having a lange number 
of close parallel equidistant slits: mechanically ruled on It, 
The bansparent spacing between ihe seraiches on the 
ass. plate-act as pits. A typecal diffraction. grating has 
ebouwt 400 te S000 lines per centimetre, 


Inverderio understand how a-grating difiracts light, consider 
# parallel beam oof monochromatic light Muminmating the 
grating at monmel incidence (Fig: 8.11), A few of the equally 
SPAORO namo slits are shown in the figure The distance 
belween two adlace sits is 4. called graling slanvent. Its 


watue is obtained by dividing the length Lof the grating by the pans . ei 


—s—T, 


botel number Moo the tines ruled din iL The sections of waves 
fron thal pies ihrough the slits behave a sources: of 
s6condan wevelets according to Huygen's-pincms. 


In Fig. -.47, sconsider the parallal neya. which afar 
ditracion through ihe grating make an angie & with AB, 
ihe nonral bs gfaling. They ar then breygtt io focus an 
fhe soreen af P by @ convex lens. If tha path olfferance 
babveen rays Toand 2 ip one welvekangih a, they will 
reinforce each other al PAs the incident beam consists of 
parallel rays oo rays from any bo consecutiveslits will differ 
inpattrbyswhen they arrive at 2 They will, herefore, intarfens 
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@ifracton grating produce an 
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eonsiectively. Hemce, ihe condition for constructive 
interference & thal ab, fhe path difference between two 
coneeculive rays, should be equal jo ® ia, 


ab=i rat a (8) 
From Fig. 3,11 
ab =o sind ee (B, 10) 


df being the orating elament Substituting the value of eb in 
Eq 3.5 


wale fo.14) 


According to: Eq: 9.10, when i = 0 ta along the direction 
oF normal to fh grating, the path difference between the 
rays. coming out from the sits of the igraiing will ba-tero. So 
well gat a-bright image in this direction. Ths is. kine as - 
zZaro ofder image formed by the grating. | we incneane 4 
onalther side of this direction, @ value of twill ba arrived 
ai which dsintewlll besequal to 4 and according to.Eq. 8:11, 
wewill again get a bright menage. This is Knew as fire 
order irnage of the grating. In this way if we continue 
increasing twee will gat he-second, third, ec. images-on 
enher side of the zercorder image with dark regions in between 
The-seconed, third onder beight images would occur according 
ae disin # becoming aqual 2%, 3%, ete. Thus Eq 8.17 
can beswerllben in mare cpeneral form as 


. Osi en rete (812) 
weer tS 1S 2) ec 


However. if te incident light Gontains ‘diffaren 
wavelengihs, tha image ol each wavelength for a certain 
value of nm te diffracted in a differant direction, Thus, 
peporaie images ann obteined coresponding to eect 
wavelengin or colour Eq. 8.72 shows hat the value of 
Hepes upon mn, ao the mages of different colours: are 
Much Seperated in highest orders. 





x-fays 18 a2 type of glectromagnatic radiation of much shorter 
wavelarigth, typically ef the aner of 10°" m. 


itd 


In order to obsenve the elects of diftracion, fhe grating 
fpacing must be oof tke onder of ihe wavelength of the 
Tadiaton used. The regular aney of giome in @ eryatal 
forms a-matural diffraction grating wilh apacng that is 
typically= 10-7? m. The scattering ot X-raya from the atone 
in a coetalling latioe gives rise to diffraction effects very 
-sim@ar to those observed with vigible light Incident on 
ondinary grating 


The study of alomic-eiructure of crystak by x-raya wis 
infiated in 1974 by WH. Bragg and WL Bragg with 
remarkable = echievements. They found that a 
monochrome bear of X-rays wae feflected from o 
crystal plane as 4 acted Uke mirror. Fo understand thes 
effect, a series of atomic planes of constant interplanar 
spacing d parse to 8 crystal face are show by lines FP. 
P\P’.,PaP . and soon, in Fig. 8:42. 


Suppose an o-reys beam is ieidental an angle-6 on one of 
fhe planes. The beam can be reflected from both ihe upper 
and the manes of aioms, The beam rafiected from 
lower plane travels sore eitina distinor as compared to the 
beam refectad from the upper plane. The effective path 
difference between ihe two reflected beama ie Zo sind, 
Theratore, for reiidorcement, the path difference should be ari 
inkegral mulliple of the wavelongth, Thos 


2a sind ana ao ee, 


The vatue of nis refened-to aa the onder of reflection. The 
agunion 9.13 is bown-ee the Bragg equation. | can be 
Used io detemine inerplanar spacing between “similar 
parallel planes-of a crystal Wf X-rays of Know wrvedengih 
aro alowed fo difinact trom tee cryétal 


Sem diffraction has boon. vory weelul in determining the 
Structure oof beologhcally Wmportant molecules such es 
heemdglobin which i an importenl oonaiivent of bioced 
and double helix structure of DNA. 
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A retained GRracion plein 
This is. a pices of 9 where bg 
paint Route wheal Barcus a phi 
Of fight: woven cloth 
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Oifeaaion pater ff @ bifmin 
human hor onder lew bean 
iipalign 


Loong formsgh han ptariere, Wier 
hey ane “ore very be Bhi 
(panne thera. 


fil} Deteaming the angle corresponding igeach order 

Solution: (i) Given that 

2450 am eaSix i im 
; ‘i 


i e. 1. 


500000 


att 
AGO 
Formaximiunt numier of ander obanectrs sini =? 
Since asing=ni, 


] 
therefore, subsiuting the values. in the above equation, 
WE Get, , : 


1 


= ay? -. ra ey oe 
mitten «460% 1m on SOROO0 x 4Stee Tee 


1 
HCE 


of n=44 


Hence, he masini opderol sectrum ib 4 
fi] For the firstonder of spectrum, m= 1 


if ein=re,, gives 
| omy sing=1 «450-4 10" m 
SDOCK 

sind = (S00000)(450 x 107) 


aindeOe25 oF w=13" 


Forsecond oder specinann = 2, wsing Eq. dain =na 


| _m! sine? * 1450 540% mi 
| so0ona | 


mnli=9 45 


or f= 287 
The thind onder spectrum (n= a) be observedaty= 47-5" 
sinf=3 x 500000 m'x 450 x 10*m 
=(F.675 te a f=42.5" 
and lhe fourth order spectrum (n = 4) wall ocour al @ = 642 
sin f=4 ¢ SO0000 m= 450% fom 
Emi=0.9 gies 8 =—4,2" 


Aik 






In Transverse. mechan waved, SUON Bs produced in a 
pirotched ating, the vibrations of the particles of the madam 
Bre perpendioutar to the direcien f ptopegation of the 
Waves: The vibration can-be-onented along vertical, 
horzontal or any other dingotign (Fag. 9.79). in each of thease 
Gises, lhe transverse mechanical wave [6 #aid to be 
polarized, The plane of potarizalion ia the plane comaining 
Ihe ditaction of vibration ofthe particles ofthe medium and 
the difeclion of propacalicn of the wane, 

A lloht wave produced by oscillating change consists of a 
porinedé: variation of electric feid wector accompanied: by 
themagnatic field vector at right angle teach otter, Ordinary 
loht has components of vibration in all possible planes, Such a 
taht is unpatared On the other hand, if the vibrators an 
oueined ee HD id te dl ea cb 





The light emitted Sy An ordinary incandescent bulb fand ateg 
hy: tre Sun) i rca rlzeed, tuetccanuaper Ls Loleciricdt) Wiratlicns, 
are randomly orianied in space (Fig. 9.14). Ib is possible to 
cbtatn plano polarized beam of light from un-polanced fghl 
iy bemcving all dade: from tho beam oboe those having 
vibralioss along one peniculer dmecion, This can be 
achieyad by varigus- processes. such ms. satechve 
fpacrpion, pellaction from diferent surfaces, refraction 
inreugh crystals and scatharng by smell partichrs 

Tre Selective absorption mehod is: ihe most common 
method io obtain plane polanzed fight by using ceraintypes 
of matertais called dishroin -subsinnoss, These materials 
ramet only those waves, whose vibrations are parallalto a 
parkculan dinaction ahi will absorb those waves whose 
Wibtatogs are in citer directions: Cine-such commercial 
polarizing matoral sa polaroid. 

Hunpolrited lights mace incident onasheet of poland, 
the transmitted light will be plane polarized Wf a second 
iheet ol polarmidts*placed Sn -sich.a way that the aves of 
ine polariids shown by gira lines driv on (haem, are 
paralle! (Fig. G1Se), the tight is tansniitied fugah the 
Second polaroid. aio. If the seen polaroid: ie-slowly rotated 
about tha beam of font Ss aie of polabon, the: light 
emeging oul af lhe second polaroid gets dimmer and 
dimmer and dissppears when the awes become muliely 


Alls 








perpondiquter (Fig. 9.15 b). The Jight reappears on further 
rotation and becomes brightest when the asta ate ain 
parallel to eech edher, 


This. Lataycbagin proves that light waves ara bansvarse 

| Tt fhe light waves ware longetudinal, they would 
cae disappear even if the two polarcids were mulually 
perpendicular 


Reflection of light fom water, glass, snow and rough road 
alae te poetic surfaces, for linger angles of incidences, produces glare. 

parade ty Permurtnen, Since ihe refiectad light is partially polarized, glare can 

conuderably be raduced by using polaroid sunglasses. 


Sunlight also becomes parialy polonzed because of 
Soitiering by ae moleques of the Earths atmosphere. This 
affect can be dhserved fy looking ditcly up Through a pair of 
sunglasses made of polarizing glass. At certain onentations 
of the tertees, lesa light passes through than at others, 





| Optical Rotation 











When € plane polarized fight is passed through certain 
crystals. they noleia the plane of polarization, Guastz 
and sodium chlorate crystale: are typical mavnples, which 
ore lermed as optically active cryetals, 


A few millimeter thackness of such crystets wil rotate ihe 
plane of polarizaiion by many degrees. Cerain organic 
aUehances, such as sugar and larianc acd, show opticad 
foladion when they are in solution, This property of optically 
active substances can be weed if deterring their 
concentration in the sotutona. 


ANC ING Coe Nake ieee eet oie there isi a nieultant wave, This 
phenomenon ia called interference. 


Constructive interference ocours when two weaves, bavelling it Ihe same. medium 
overlap. and the amplitude of the resuilant wave e& graninr than either ot 
ici aaieaaas 


ln case of destructive wuorfarence, the a ude ofthe resulting wave is lass than 
‘either of ihe individual waved: is 


In Woung’s dette sii expenment, 

(i) for bnght fringe: sive = ma, 

Wi) fro tinon, asin =n), 

(ii) the distance between two adjacent bright or dark fringes is 


Oe 


Michele's, interiésoatar: ii: usted or vet y precise lenath maaeuraments, 
The distance L of the moving mirror when rm move in viewia mif2 


“© Bending of aght eround obstackes is due in ciffraction of fight. 


For a diffraction grating! 
dsina= ni where n stands for rth order of rmasxitrat. 
For diffraction of X-rays by erystals 
2d sing = nd, whent nin the order of rallocton. 
FPotarzaban of light proves thal fight consists of transverse alectromagnatic waves. 


fail scantel icy 


| Under what conditions two or more sources of light behave as coherent sources? 
22 How is the distance between inierferenoe tinges atlected by the separaion between 
disappnar? 


thet Sisco Young's experiment? Car inintpes 

3 Can vetible tight produce intertorence fringes? Explaa, 

4 In the Young's experiment, one of the slits is covered wilh blue fker and otter with 
fed fitter. Whai would be the pattern of light intessity on ihe screen’ 


Zhi 


OS Explain whether the Young's: experiment is an experiment for studying interforance 
or diffraction effects of light, 


66 An ol film spreading over a wel footpath shows colours. Explain how does it 
happen? 


07. Gould you obtain Newton's fringe with transmitied ght? yes. would the polbem be 
different tram that obtained with reflected tight? 


8 In thewhite ight spectrum obtained with a diftacton grating. the third onder image 
of a wavelengin coincides with the fourth order image of @ second wavelengih 
Calculate the ratio of the hwo wavelengths, 


00) Hees would you manage te get-more orders of specta using o diffracion grating? 
0010 Why the: polarosd sunglasses are beter than-ondinary sunglasses? 

A) Hew would you distinguésh bobvmen Unported art plane-polarized lights? 
8.12 Fal in the blanks 


(i) According tn _poincinle, each point on a wavetront acts as a source 
of secondary i 


fli) In toung's axsperiment, the distance batween theo adjacent bright fringes for 
vice leg is ihan thai-for green light 


(iii) The distance behween bright fringes in the inlerlerance patiam as 
| theowevelengih of light used inctases, 


(io A diffraction graing i uted ta make a diffraction patlam for yellow fight and 
then for red fight, The distances between fread spots willbe than 
that fier yal Beg, 


iw) hes i al of polanzetion of Eight reveals thal light waves ane 


fwhh Ay see i8 @ Gormmercial 
(a) A polaroid glass _ glare of ight produced al 8 road surface. 





6) Ligh of wavelengit 46 nm is-alowed to aluminate the sits of Youngs expenment. The 
‘separation between the stits is 0.10 mm_and the distance of the screen from the slits 
Owhare interference affects are observed is 20 om, Al wheal angle the first minirraurny will 
fall? What will be the linear distance on the scraon between mdjacent maxima? 


(Ams: 0.96%) 1.4 mim) 


fa 
—_— 
ra 


a 


9.4 


a4 


bs 


6 


a7 


| 


95 


Caledale the wavelingih of light, which illuminates fvo alts 0.5 mm apart and 
produces an intarforence pattern on asonten placed 200 cm away from the alils, The 
Riri gen gaia Sse area at Dr a 


Ane: BOO revi) 

In-a double st experiment (he sesond order maximum occurs st 0 = 025°. The 
wavelength is 650 nm. Determine the slit separation; 

{Anse 0.30 pier) 

A monochromatic light of 4 = 5B ne is-allowed to fall on the half silverad glass 


Male G,, Inthe Michelson Intertenomriar, fimirror hy te mowed-through 0.233 mm, 
how mary fringes will De observed to-shitt? 


fauna: 752) 
4 second order spectrum is formed at an angie of 36.07 when light falls normally on 
a diffraction grating having 5400 lines per centimetre Determine wavelangth of the 
fageel used, 
{ Anes. 870 mm) 
A lights incident normedy on a grating uvhich has 2500 ines per centimetre, Compute 
ihe Wwavetengih of 2 spectral line for which the devistion in secend onder 15.0, 
(Aina: 518 in) 
Sodium fight (= 589 nm) i incident nonmalhy on a grating having 2000 lines par 
oontimeine. What is the highest order of the spectrum obtmined with this grating? 
(Aris; Sith) 
Blue light of wavelength 440 nent illuminates a ditracion grating. The sécand order 


image ia formed at an angie of 33° irom the central image, How many lines in a 
Sanilinigtre of lint graling bane been ruled? 


(Ans: 5.2.x 10° fines: ger ont) 
Zeros OF waveknglh 0.150 nn one obeered bo underge a finst onder reflection eta 


Bragg angle of 13.3": from 6 quartz (5105) crystal. What is-the interplanar spacing of 
the reflecting planes in the orystal? 


(Ang: 0.326 mm) 


S104n X-ray beam of wavelength & undeess a first order reflection from a crystal 


when ils angie. of incidence to a crystal face is 26-5", and an X-ray beam of 
wavelength (0097 nm undergoes 2 third order refecton when is angle of inodence 
to that face ts 60.0%, Assuming that the fo beams ofloct from the same family of 
planes, calaiaie (a) the interplanar spacsng of the planes and (b) tha wavelendih A. 
[Aria (a0) 0.168 mmf) 0.750 nm] 
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(At the end of thisschapter ihe students will be abies to: 


|) Recognize the term af least distance of distinct vision, 
2 Understand the tarms magnifying power and rasclving power. 
sit ebb ieecat ne ie gil aha lt ier compound 
microscope and astronomical telescope 
at Liddlerstandl- the: warking of spectrometer: 
| Describe Micheljan rotating mirror method to find the speed of light. 
0 Understand the principles. of optical fitra. 
) Identity the types of optical fibres, 
8 Appreciate the applications of optical fibrns. 


E. fhés chapter,some opfical ivetrurmments: that ane based on thé principles of reflection 
and refraction, will ba @isnussed. Tha mas! common of these instruments are the 
magnifying glass, compound michoscope and ielescopes. We shall also study 
mMuagnificalor and reeciving powers of thease optical ineiruments, The spectrometer end 
an anttangement for measurement of apeed of light are alec described. An iniroducton ta 
optical fibres, whith fae developed a great importance in medical dagnestics, 
ielecommunication and compuler mefworking, §-ais0 inchuced. 


The cormal human oye can focus a sharp image of an object on fee eye if the object is 
leceted any where from infinity to. a certain poo called the near point, 
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This distance tepreserited by d is abou! 25 em from the eye 
I thecooject ie held closer to the eye ihan inis distance ihe 
imagectormmed will be- blurred and fuazy The location af 
ine Neer point, however, changes wilh Spe, 





Wihen.an object bs pieced in irontof a conver lene at a point 
beyand [ts focus, a real and inverted image of ihe oojact ss 
fenmed a6 Shown en tne Fig. 10.1. 





the closer ihe objecl istothe aye, the greater is ihe an Fi 

subtended and larger eae ihe size oF thes chien. ae 
(Fig.10.2). The maximum size of an object as seen by — sghodurdetunce. theimapeonitie 
naked oya-is obtained when theabject is placed oi the = aing of Pt eye 6 gente ac ne 
boast distance of disting! vision. For lesser distance, ihe yard puted ears 
image farmed looks blurred-and the detaile of the abject Bectyee iM 

are not visible. tay an 





215 





The optical raacution of a microscope of B telescope fells 
ud how cose fogalines the lwo pein! sources of light can be 
80 {hal they are ctlll seen as bo separate sources. if bac 
paint sources are ino close, they will appear as cew becau- 
s2@ the optical instrument makes a point source fook like a 
érrrall disc or spot of light with circular diffraction tinges. 


Although the magnification can be made as lage as one 
desires by choosing apompriste foocs! lengihs. but the 
magnification alone is of ho wee unibes we can gee the 
details of the object cestinctly, 





Resolving power Is expressed ag the reciprocal of minimum angie. 
whch hig poll sourced subbands at ihe aatrumeni so (hat 
their images are seen as two distinct apety of light rather 
ihan one. Raleigh showed tat for light of wavelength & 
through a lens of diameter O, the ragotving power ip 
given by Ret «=D 
neta: a TL Aa WATE - 
ie He th et az a eed (M11) 


The-smatier (he value ofu.., grauber ia the resdlving power 
because "wo distant objects whkh are close together can 
then be seen separdied through the instrament. 
In the case of a grating spectrometer, ihe resolving power 


R of the grating is detined as 
fa ees 


es ae es 





WHE 42%, = Ao an Ae Se — ka Thue, We see iat a 
@raiing with high resolving. power can distinguish simall 
difference in wavelangih, (FN is the nuniber of rulings on 
ihe grating, can be shown that the resolving power in the 
mih-order diffraction equats the product N x mt. 


i. ee (09) 


Zit 






ie discussed hove @ convey a 
used to help the sie. ¥e aa acral Cajscth GWU A 
watch ravior (see CoOmi'oN tere to repair Ihe watches. The 
blest is placed extidé ihe focal point of ine lene. The 
magnified and virtual image is formed at lowe! qistence of 
Gistinet vision gf or much farther trary fhe jens: 


Lat. iis, now, ralbuiais the - “reanilisation GY a: slirige 
Mmicroseope in Fig? 10.9 (a) the snmge ferned by the 
object, when placed of a dintance oon the eye is shown. 
In Fig: 10.3 [ba lens is placed jut in forte thea and 
(he abjael io placed ia fra of ihe eine In Such a wary thal a 
vetuel image. of the object i formed at a distances of from 
ihe eye, The se of ine lage a pew much ingen than 


wathout the lene I 7 
a = 


if ft and oo are the respective angles subtended by the 
cobject when seen through the lane (simple mivrosccpe) 
seit then eeguilat magnificathan Md is 

do a5 


meat : 


When anglae ane small, teen ihey ara naaty equal to thelr 


jangenty. From Fig. 10.3 (m) and (bh), we fied br 
Fiy, 10.9 
=i = _Saact the nhyect  _ Single Mierneape 


Gianicet Ihestjest | of 


‘and feten fe ere 
Dusanioe of ihe erage = 4 


Since the image is at the least distance pf dessnct WISN, 


honce, gad 
=e es 
Theralard, fl ag 
(he engin rreagnitaseatiory Meet 
ai 





Fig. 184 (ib. 
4 Compound Mcreacose 


As we already leno thal 
i, Sizeoltheihage _ Distance of the image 
Oo  Sizao! the object Distance of the object 


= 
A 
ee reat eee ges AF ones aaenae 
Therefore, Mae woteaanhes {10.5} 
For virtual image; the tens formule is woitten as 
Seem 
f oop 

1 a. . i] 

a a 

f = p f 
Hence the magnification of a convex loans [simple 
MmEcroscope| Gin be expressed ae 


1 
= Bul =d 
q q 


Hance 


S| 


hoecete te cae 08 
ee . rf 1 ref } 
i ts, thus, @Bvious that for a lens of high angular 
maoniicaton the docel langth should be small lf, for 
example? = fom anda = 250m, then M=6, the object 
would look sie times larger when viewed through such aliens 
Whenever high magnification is desinad, @ compound 
microsoope is Used consists of two convex lenses, an 
object lens of ven short focal length and an eye-pleoe of 


comparatively longer focal langth The ray diagram of a 
compound microscope if given in Fig. 10,4 fa). 





Fp. alal, 
Ry dlsgrae of  Campceed Microecope 
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The object of fenght ) is pieced just beyond the principal 
focus Of fhe objective, This produces a real, magnified 
image of height fy of the object at a place situated within 
the focal point of the eyve-piooe, Nin then further magnified 
by the eye-piece, In noomal‘adustment the aye-pieoe 
positioned eo that ihe tinal image i fommed-el the near 
point of tha eyo a1 0 distanced a 


Tha angular magnification M of a compound microscope is 
defined tobe the ratio tend.) tar, where 8, is the angle 
subiended by the final image of height hy; and fis the 
anglé het ithe object of height M would sutvend ot the eye i! 
placed al the near point d (Fig. 10.3 ah Now 


tan = 4 and fan a, = —2 
a off 
Thus, magnification M= Les lscloelis Ig 
and d hon 
fy 
or Me Shen 


where ratio fit is the ieear magn@icaton MW) of the 
objectve end h;/h, 6 ihe-magndication MM, of the eyaplace. 
Hance, ictal magnifiestion is 


Masa id; 
By Eq, 10:5 and Eq. 10.6, M =qipend Mb=1+ ot, 
Hence. Mad tie pesos 0:7) 


It is customary to noder the values of Af as. mittipies of 6, 10, 
40 ete, and are marked-as. 25, 210, x40 cate, on the 
ineshrurmeiit. 


The lima to whichis microscope can be used to resolve 
Gélails, depernde-on the width of the objective 4, wider 
objective and ase oof ble light of shor wavelength 
Produors len diffraction and allows moro Gelails i bo 
seen. 
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Example 10.1: A microscope has/an objective lens of 
410 mm foral fangth, sasha nes ala  e n 
tangth, What Je the distance betwoon the jensas and its 


ow ek it the object ie in-eharp focus when It is 
10.5 mim froen the objective’? 


Solution: if we consider the objective alone 
ek tet = 4 
105mm oF men 

ttwe consider the eye piece alana. with tho virtual image at 

the feast distance of distinct vision ¢ =-250 mm 


ne Se 


P «230mm .25imm 
Distante between Lanse =g+ p52 10om+22 tmm=23mm 


cr g=210mm 











a p= 22.7 mm 


Magnification by objective 
q 210mm 


My — = ———— =20.0 
Fi 1am 


Magnification by eve place 
~ 0mm 


fits 
22.7 min 





m= 1 


Total magnification ‘ 
t= My tt 

=20 x (-11.0) =-220 

-ve sign indicates thai the image ts virtual. 


Telescope is an optical device used for -viowing. distant 
objects. The image of a distant object wewed through @ 
telescope apprart larger because @ suitends a bigger 
visual Bogle than when viewed. wih tine naked eye. Initially: 
ihe aadansive use of the telescopes wes for astronomical 
observations. Thaso ieioscopes are called astronomical 
telescopes. A simple asbomomical telescope consists of 
Iwo convex lenses, an objective of long focal length fand: 
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an aye plece of short focal length /,. The objective forms a 
real, inverted ana diminished image AB'of a distant object 
AB. This ces! Image-A'B! ects as obeect for the pie 
poles wtih ies ated aye ak rtaamgprilfiyaricty lias. “Thee Pletal Trratkpe 
peer through te eye-piece is virhial, enlarged and inverted, 
Fig. 10.5 shows the path of rays through an astroncmical 
telescope, 





When a very distant object & viewed. ihe rays ol light 
coming from any of ds poinl {say as top) are considered 
parallel and these parallel nye are converged by tha 
objective to form © fedl inage AB! at fa focus If A is 
desired jo see the final image through the eye-ploce 
without amy strain on the eye; the eyepiece must -be 
pliced eo thal the lege A,B" fee of itp focus: Theory 
afer refraction through the eyepiece will bacome parallel 
and the final image appears to be formed at infinty, In this 
condilion ihe image AE fonmed by the bpectin bes at 
fhe focus of both the objective and ihe eye-piece and lhe 
telescope le eat to be in normal adguetment. 

Let we now compan the magntying power oof ar 
seironorecal telescope in nonmal-adj|uaiment The angle a 
sublended at the unalded eye is practionly the same as 
sublenced-at the objective and it it equal to AOR" Thus 


AR AS 
yy: eee 2 


oto 









Lanna 


Raltecting Liemascised 


The angie [| subtended at the eye by the final image is 
equalio A’ OB" . Thus 





A'g’ Atal 
= tan fi = ——— = 
ft fi r= " 
» _ 2% 
Magnifying power of the telescope = -> = Poste 
fh 
At = 4, intbedd kite (10,8) 
i 
=, 
r 
= Focaltengih of the obctive 
Foca langi of the eyeniece 


It may be noted thatthe distance between the obective 
and oye-piece ofa tolescope in normal austimentis 4, +1, 
which equals the length of the telescope. 


Besides having 2 high magnifying power anole: prodem 
which confronis the astronomers while Gesigning a 
telescope to see the distant planets and stars ls that they 
would like to gather as nvuch light form the object oe 
possible, This deiiculty is overcomes by using the-obpective 
of large Sperturea so (hat itcollacts a great amount of light 
fren the asbronomical objects, Thus a good telescope has 
SO ORRSENAE OE OER PCE MI SEE OS PLIES 


A spectrameier is an optical device weed to study specta 
from <iilferent sources of light, With the help of @ 
epectometer, the deviation of light by a glass prism and 
ihe refractive wedex of ine material of heoprisim can be 
measured quite accurabely, Using a diffraction grating, the 
specirometer-can be employed to measure: ihe wave 
length of the Halt, 


The essential pomponents of 6 apectomeber are shown in 
Fig, 10,6 (a). 


= 





Fay 15 [aj 
Schematic diageam of m epacingeater, 








Collimatat 


It consists Wa fixedmetallic tuba with a convex lang at one 
nd and an adjustehte alit, that can slide in and out of the 
lube, et ihe other ened, Whon the eit is just at ihe focees- of 
ihe convex lens, the rays of light coming out of the-lens 
become parallel For this rasan, 6 aallad a collimator, 


Tur lable 





A fiem or a grating is placed:on @ tum fable which la 
capable of rotaiing aboul a faed yertion axis, A citowar 
soak, craduated in half degrees, is ataotend with it. 


A telescope ie atlached wih 8 vemler scala and i 
rolateble-eboul ie -sarriy artic! anise Bee bunt tables: 


Before using a specirometer, one ahould be see thal the 
Samat is so adjusted that parallel rays of Bight emerge 
out of is convex lens: The telescope ia adjusted in auch a 
way Weel he rays of light antering Ut are focussed alt the 
rose wines naar the sye-piecea. Fimally, the refracting adoa 
of ihe prism miuét be peraliel to thé axis of rotation of ihe 
lelescope ao tial ihe turn table levelled. This can be 
done by using the levelling screws: 
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Pig, 10,6 (i) 


eo af) = 





142. 


Light branes so nore Hf lis ere cliff: et: yeast ane lites 


speed, Gables was ihe first person io make an stampt to 
measure its speed. Although he did nol succeed in the 
measurement ol ine speed of light, yet he was convinced 
that the light does lake some time td travel from or place 
to another, Given beicw is one of the accurate methods of 
delannining the apeed of bight which |e Anown as 
Michelion s experiment, 


In this axpenmont, the speed of light was. datemined by 
measuring the tine It tock to Cover a round trip- between two 
mountains, Thy distance: leetween te lwo imountalns was 
measlred accurately. The experimental setup is shown 
in Fig. 10.7 


An eight-sided polished mirror M ip. mounted-on the shaft of 
gomoior whose velocity can be varied, Suppore Utes tenor 
is Stationary in the position shown bn the figure. 4 beam of 
fightironr the face tof the manor Ml falls of the plane: rin 
m placed at a distance ¢ from M. The beam Is refiected 
back from tha mirror mand falts on the fate 9 of the mirror 
M On rofection fren tase 3, it eeiars the telescope: 





IP the mirror is rotiled clockwise) initially ihe source: will 
hot be: visible through the telescope. When the. mirror M 
fins a Gerlnin tied, ihe poured S becomes visible This 
happens when ine firme taken by fight moving from Mio 
mand back to.M is equal to ine time taken by tier 2 to 
meve ia the posited of fee 4, 


Angle sublended by any side of the-eighbsted minor at 
the centre is-te/h i hin the Iroqueeecy of the minor M, 
‘wher ihe source 6 is viaible through the telescope, then 
{heoime teken by fhe mirror to rotate through an angie 2n 
ie) So, the time taken Sy ihe mirror fl te rotate through: 
an angle 2B is 

f= ma 5 as = Lik 

=o - # By 


The time taken by Behl for ft pease fee AA be an aie) 
back is 2d. where ¢ Ss tke Speed of light, These two times 
Bre equa 


a4 


= | 

ne 
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Ba 
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THR arjvabon-was Used bo-pelermine Ine speed of light by 
Michelson. Presently accepted value for the-spead of light 
mf BAuLTy 


om BeSTIed6e » 10" ma’! 
we wsially mound this offto.3.00 % 10" ma’! 


The speed of fight in other matenats i always:loes than c 
In medis- other than vacuum, |i dapenda upon ihe natuee of 
the mediim. However, the spend of fight in air is 
approximately equal in thal in vacuum and generally taken 
Bo in calculators 


Fer hundreds of yaar man haa oorinneicabed using 
hashes of reflected sunlight by cay and tanlams by might. 
hawy eagmaimen shill ee powertid biinker lights to transmit 
coded messages to oalher shipw dung periods of radic- 
gilenee. Light communication hes tel been confined i 
Simple dots -and dashes. | is an interesting bul jitde knowin 
fact that Wexender Graham Ball invented a device lnown 
at "photo phone” shorth after his invention of teephone, 
Bells photo phone deed a modulaled bean of reflected 
Sunligh, totus! upon a Selenium detector several 
fundirod metres-awey. Wilh the device, Ball wos sie tc 
lansmit 6 volte message va i beat of light. The idea 
remained dorian for many your. Dang the recent past 
ihe idea of iranemission of light through thin optical fibres 
hes been revived and is now Being used in communication 
lechnologyy, 


The Use of ight as a tesmission cerier weve in fibres 
oplice has several advantages over radio wave chrriern 
Such as 8 muc wicker baridweith capabilily ane iimunty 
{rom alectoamagnete minferance 





za5 








is ao used to inetamil ligh] anne) common and into 
inetosasible places ao ihal ihe fomnety Unobserabe could 
be viewed, The ude of [libre oplke tials in ipdisiry i. noe 
very common, ane) (hen importaon ms daignionis tools in 
madicine has beanprovediFia. 10.8 sand). 


Recently the: finre. optic technology ‘hes oyolved: into 
samelhing much mare. important gad usehll — a 
GOMmumacation sysiom. ofononmos capabilities, 


One featur of much a ayaiem te lee ebilily te transmit 
imousands of telephone conversations, sareetal inlowsion 
programs: and mamernus data signals - babween stations 
Ehoengh one of bye Aoxibie, hair = thin Ihieads: of optical 
fibre... With the tremendous information camying capacity 
called the bandwidih, fire otic systems hewe undoubbedly 
made practical such services as two won television which 
Wes too costly before the develooment of fbr opfcs 
These. systems ale allow word processing, image 
jransmitting and recaiving equipment to-operste efficiently, 


in-addition lo giving an-ecdreamely wide bancwidtt, the fibre 
optle system has much thinner and light weight cables, Ar 
opGcal fara wilhiite protectve case may be typicady 6.0 mm 
in tharneler, Gnd yet it can replace a 762 chi diameter 
bunds of copper wits now used fo carry Ihe same 
amount of sagas. 


Propagation of tightin an optical fibre requires inal thie light 
should be totally corned withies the fibre, 





Thik-ray betes by bertal aidernel reflection pnd continucas 
refraction 





One of the quatities of any optically transparent-materal ie 
fhe speed af which fh ines wahin thie marerial, be, Mt 
dagends upon the retreactve index 7 oof ihm misterial, The 
nidésoct retraction 6 merely the netio of the speed of lye 
© in. vaouum 1 the speed of fot in thal patel 


ath 





-epenerermsavearaenitnah Searieyee 

having different refractive indiees can reflect or rfract light 

rays. The aienount and direction of reflaction or refraction ip. 

determined by the amount of difference in refractive indices 

redial an abl deo cck Mere geeah 

oe angle halle crete the angle of 5 equelta 
pebbilelBcdor dab ih $ asing tough dase a ie 

critical angie a, shown in 
Fig. sista se ‘are a as wilh Sreoits law 
Asn =n, gir A, 

From Fig. 10,9 (a), when @&=%, 8 =" 

thes. nRenil=n, oF Bin 8.3 in! n, 

For incident anglas equal to or greater than the critical angle, 

the glass’ = air boundary will actas a mirror and po light 

escapes trom ihe glass (Fig. 10.9 b), For glass-air boundary. 

A; 4 


we hae ain o= i. = Te or a= 4 


Since ‘this. 5 ieee than the serie sae it eaecand fraen 

te rod gin be loa Rey? al 42" wil be frefected back inte 
the fod, 65 will ray 9 afa0" Since the angle of tefection 
aguats the angle of incidencethese hwo rays will continue 
te propagate down ihe rod, along paths determined try 
the original angles of Incidence, Ray 4 is-called an Bitel 
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ray since its path is parallel to the axis of the rod. 
Axial rays will travel directly down this straight and rigid rod. 
However, inaflexible gtass fibre thay will be subjected to 
the laws of reflection (Fig. 10.10b). 









Sirighe Mode Sign index Fir 


Single mode or mans mode step index fibre has a vary thin 
core of aboul § ym dlameter-and has a retatively larger 
adding (of glase or plastic) ea shown in Fig. 10.13. Since 
A hes a very Thin cone, a Strong monochromalic light source 
i, oleser gource has to be used to send ght signals 
through ih i can canny more-itan 14 Ty charinels or 14000 
phone calls, _ 






Multinads Step index Flbre 


This typeof fire has a core of pela tively larger diametersuch 
a& G0 jm. Hig mostly weed for carrying white light but due to 
dispersion altects, It ia uselul fora shor distance only. The 
fibre cone has a constant pofractive index n,, such aa 1.52, 
from its centre to the-boundary with the cladding as-shown 
in Fig, 10.44, The-refrecthea ihediex thon changes to-a lower 
volo ny, such as 1.48, which remains constant throughout 








This is called a steg-indiex multimedde fibre, berause the 
tetactive index steps down from 1:52 io 148 atthe 
boundary with the cladding. 


ah Miultimocte Graded Indes Fibra 


Muli mode graded index filte has com which ranges In 
Gameter from 50 te 1000 pm. Nl has a core of relotively high 
refractive incioatand Ihe -hetracthys index dacrases gradually 
from thecmiddie to the outer surface of the fibre. There is no 
noticeable boundary between core and cladding. Theslype 
OL fire i called a mull roe graced-index fore (Fig. 10.75) 
and 5 ueeful for hang distance applicallons in whlch while 
fight a-used. The mode of ianamission of light through thes 
hype ao fibrreis alec the same, Le. continuous neinacton from 





Pa, 








{ho surfaces of amoothly decreasing refractive index end the 
pspiresiieedlag reflection fram the Boundary -of ten cular 
suirfaiess 


Eample 10.20 alcviteie gocrtcal argle-ard genplrcteetiny 
{onan optical tite tving-oore of reiractive index: 1:50 aeve 
ciackin ofradiantive imiaat 148. 

Solotioy' Wetava  .n,= 150, n= 1 Ag 





Foor Srila daw hale 0) =n sik, 
Wh base) head hoo" 
5a, 1. Sdqin d= 1.48 a So" 
Wihlery gyi i= o0.R" 
Frown, thie: Fig), 10.9.6, 6 =a ks oa" 
: dint — on, 15 
Agen using Srets nw, we jie nt ial 


which give fiih= 150s f or hse 

(hight beara ipeidentst he end-of inewotceat like st an 
ane create: thar ta", tole! [rtemal refiecion wou nat 
lake place. 


10.44, SIGNAL TRANSMISSION AND 
Pie CONVERSION TO. SOUND. — 


A Tbr oplit communication system conse af three major 
components; (I) a transenitter Chel converts eectriaal 
eignals to ght signals, (ill an optical Ware for guiding ine 
signals and (id) @ receiver ihat captures the tight fignals 
el the other end of the fibre and reconverts them to 
electric signals 


The light source in the transmitter can be sither a 
garmiconductos laser or a light emitting diode (LED), With 
either devion, tee lighl semithod ia ar) inveieitihe infra-red 
Signals. Fhe typical wavelengih fs 1.4 um. 
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tech me fight will transeh mosch: Tester pista sie 
thert will githor vinitye Of ultra-violet fight. The: faeers-and 
LEDs used Jn this application wre tiny une {lesa than half 
{he eine of the numbneil) in order to mates the size of the 
flbros. To. tnenaral Information ty light waves, whether It be - 
#e sudin signal, a (alvisiog algnal or a compuler date 
signal, jt je Metessary to moduime thi ight waves, The 
most common methed of modulstion is called. digital 
Poesia in which the laser or LED ia tashed on and off 

at ‘odtremely fast fate, A pulse of light represents the 
number | and. the Sbeence of light representa zen, In a 
sence, instead of Meshes of light traveting dewri the fibre, 
ones (15) ahd zeros (Oe) ane theving down the path 


Speen! firm 
Were ernitin Laat.) ae Ente 


Ceypliar apie purer 


Hy 


« 


Fig. D007 


WH comipuien ibe agpantin communication ean be: 
represented by 9 parteular patter or code ef these 14-and 
Oa. The receiver ie programmeéd Io decode the tare Oe tus 
itrooeives tha-sound, pictures or date as requindd. Digital 
modulatioy i expressed int bia | binary digit } or megabits 
(107 bile) per secon, where a bit isa rb or a 0, 


Despite the altra-purity (99.90% glazs) of the optional fibre, 
the gil signals: eventually become den—and mest be 
rhgenorated by devices called igpabiers Repeaters are 
hyploaty plmced goo 20h apen, Siel-in ihe. newer 
aystenw they may be seperated by as prch me 100 lum, 


Al he send of ins fire, rl sco paithonie shanti 
mgeiain, witel are then anicifie! and decoded, if 
ip pesdinsinunt the seqrals aripinalhy iransernittaed (Fig, 10.97), 


When a light signal rental gong fibres ty treuitile: 
reflection, some light Ip absorbed die to irnpurities in the. 
glzts. Sona of 4 & scattered by groupe of atome which are 
formed al planes auch as joints when fibres are joined. 
lagether Gorehal manuhactaring Gan radios fhe power longs 
by Sexttering and absorpten, Ms 


2M 


The Infomation received.ai the cihor and of a fare cen bm 
insecurale due bo despersion of soreading of the fight signal 
Also the boat signal may not be perfect) monochromatic in 
Such B Case, 8 Nene band of waletengits an melraciead in 
different directions when. the dong signal enters the glaes fibre 
and ihe fight spreads. 


Fig. 10/78 fa} shows the: pats of light-of inree diferent 
wavelengtha 1), 42 and Ay. 4 meets the core-cladding al 
iheseribeal angie and A; ands, at slighty greater angles. Al 
ihe: faye travel along the fibre by mulliple reflections as 
@xplained sartier. Bul the light paths have differant lengths. 
Bo the light of dtferent wervelengins reaches the oiher end 
of the fibre at-different times. The safial received is, 
therefore, faulty or distorted. 


The disadvantage of the step-index fibea (Fig. 10.18 a) can 
considerably be reduced by using a graded index fibre. As 
shown in Fig. 10.78 (6), the differant walelergihs still taka 
different paths and are totally internally reflected al 
diferent loyers, Gul still they are focussed at ine seme 








at, point fika X and ¥oobs. | is pissible baciarke the speed bs 

eligi: pretties Gay cn gpltin Inversel-proportional to- the refractive index, So: the 

bch tacit rin wavelength .; bavels-a longer path than 1° dy but at a 
graater speed. 


inspite of the differant dispersann, all the wawelongths 
arrive al the other end of the fibre atihe-same time, With 5 
stop-index fibre, lhe overall ite diferente mey be abou 
dane per km length offiare, Using. a graced index fibra, the 
hime differance bs seduced Io aloud 1 neper km. 


aaa 
Last distance of distinet vision is (he riinimum distance fran the eye st whiny ar 
objochappaars to be diginet 
Magnaication is the rato of the-stre of the Inge eo the sizeof the abject, which 


equals tothe rate of ihe distance of the image io the cine of the eekeck from 
ihe tans or mirror. 


Magniing power or lngulut magaiication i ihe anole subieaded by: the: image 
as Seen Ihrough the oplical device to thal sublanded by the object at fe unaided 
ays, 

Resching power ls fhe ability of an lasiruneen is renee tes milton details: of ihe 
object under sxaminstion, 


Pl 
Led 
bi 


Simpte See oe i is scene rs Li 00 Le ve heen eee 
dininetly. The a aih a a! « icanaaa tn 


M= oat 7 ; 


Cempound microscope consisty of hwo-conves lenses, sn pbiocaive Jenn-ol vary Shion 
focal lungih-and an aye piece af modenia tocal length. Thet-magnifying power ofa 
Compound micriscope ie given by 


we Se Sy 
B la 


Telescope (5.an optical instrument ased-ti-see distant object The magnifying powerof | 
fio telescope in given by 

Mae 
Spectorrater it.an plies cevier ised ip study apectra from diferent sources of light. 
Indie of peitaction |e the ratio of speed of light ln vacuum Io the epsed of light in the 
rraviariod 
Crbcal angie is the angle of inckgence in the danser mediun for which the angie of 
rofracaon in the rarormodainn lp aqua te S00. 


‘Ahern the angle ef incidence becomes gmater than the oificel-angleool that malarial, 
the. incident roy if reflected in (he Bains material, which i Gaiied toll imermal 
nafiecthony, 


Ctadding is a.hayar of lower refractive index (less dattsity) dvr the contral core of 
high refractive index (high density). 


hiuit mode step inde fbn tan opboel fire i whieh a layer of lower refnactin 
indeot: is over Ihe-central Gore af highchair alive index. 


Mull) mode graded Index fareta-an opboat fibre. in whieh the central pore hee high 
refractive indax:.and tht cetenlly grachully cdocrases towinds lin ooeiphory. 


FQUESTIONS| 
What co vou understand by linear magnification and angular magnification? 
Explain howe Comex lens is ised as a magnifier? 


Explain the diflerance between angular magnification and resolving power of an 
Optical instrument What limits the magnification of. an optical instrument? 


20 Why woul? It be advantageous In vse blue light wilh @ bompaund microscope? 


4 One Gan buy cheap micnscope for use by the children. The images sean In such 
@ microscope have colounod edges. Why be this ao? 


Ln] 
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10.5 Describe with It help of diagrams, how (a) a single teconvex tens can be used ae 
@ magnifying glaes. (bh) biconvex lenses can be arranged to form a thicrascope. 
10.0 oa person was Jooking through « telascope at the full mon, how would the 

appearance of the moon be chainiged by covering half of the objectrve jane. 


10.7 A magnifying glass gives @ five times enlarged image et s distance of 25 cm trom 
the lens, Find, by ray diagram, the focal tength of the jens. 


“40.8 Identify the correct answer, 
ty Tha resolving power of a compound microscope dapands on: 
a. Length of the microscope. 
b. The diameter of the objectve lens, _ 
c. The dameterclthesyapace 
d. The position of an observer's eye with regard to tne aye lens 
(i) The resolving power of an astronomical telescope depends on 
a The focal tength of the objective lens, 
b The east distance of distinc! Vision of the observer. 
c The focal tength of the eye fens. 
(da The chameter of the objective lens. 
10.9 Draw sketches showing the Peete Near ee mr unen ee 
made fibre, Why is the single-mode fibre preferred in telecommunications 
10 10 How the light signal is transmitted through the optical fore? 
10.11 How the powor és lost in optical fibre through dispersion? Explain, 


fAns: ()42 em (6.0) 5.0} 


10.2 A telescope objective has focal length 96 cm-and Gismeter 12 crn. Ceiculats the 
focal \ength and minimum diameter of @ simple eye piece lens for use wilh the 
telescope, # the linear magnification required is 24 times and all the light trassmilted 
by the objective from a distant point on the lolescope axis is to fall on tye aye place, 


(Ans: (, = 4.0 on, &a = 0.50 cm) 


410.9 Ateleecone is made of an objectye of foam angi 20a and an eye mace ct 
S-fom, both ootwves lenses: Find lhe anguiarmagnifeation. 


(Sine 40} 


104 -A-simple astronomical telescope in normal adjuetment hae an objective.of focal: 
length 10am and-an oye ig fp ea ig ai ii) Where ia the final image: 
formed? (il) Cabculate the angular magnification 


[Arie {ih lefimiby (il 20) 


10.6 A point object is placed on the asds-of and 3.6 om froma thin conven lene of focal 
iengih-3.0 om A second-thin convex lans oF focal length 16.0 cm it placed oocxing 
wilh the first and 26.0 cm from it on the side away from the object. Find the position 
of the fing! image produced by the two lenses. 


(Ans: Té.crm from menond haris) 


10.8 A compound microscope has lenses-of focal length 1.0 om and 3.0 om. An object 
8. placed 7.2 0m from the object Wena. i a vetual image is formad, 25.6m from the 
ye, Galcubvie the sepanition of fhe benses gene tha magnificationah ihe instrument 


(Ans: Ai? om, 47) 


107 -Sbdium light of wavelength 560 nm. i-used to view an object wncher se microscope, 
IF the apertire of the objective i 0.90 cm, (i) find the limiting angle of resolution, 
iH) using sible light of any wavelength, whale the erakimunny line of pesohidlon for 
thie: microscope, 


(Ares (ly SOx 10" rack (i) 4 x 10" rad] 


10.8 An astronomical telescope having magnifying power of 5 consist of two thin lenses 
74 ein Suet Pid he Waal nnioe ot haaiees 


(Ans: 20 am, 4 cm} 


10.8 A glass light pipe in air will botally Inturnaty retest @ light ray if (ts-angle of nesters 
is atleast 39°. What iethe minimum angle for tolol intemal refiection if pise is in 
water? (Refracties index of waber= 1,33) 

[Arie ar*| 


{O10 The refectve index of the sore eed cladding of an optical fire are 18 and 1.4 
respectively. Calculate (i) the critical angle for the Infarface (i) the maximum angie 
of incidence in the air of a pay which enters the fibre and le incident et the cortical 
ite on they inberiase: 


® 


pawns) 61", (iy) $4") 
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Atte end ofthis chapter the stucents will be able to: 


ah 
7 


State the basic postulates of Kinetic theory of gases, 


2. Explain how molecular movement causes the pressure exerted by a gas and 
derive the equation P=2/3 N.<%mv*>, where N, is the number of molecules 
_ per unit volume of the gas. 


3. Deduce that the average translational kinetic energy of molecules is proportional 
to temperature of tha gas. 
Derive gas laws on the basis of Kinetic theory. 


Describe that the internal energy of an ideal gas Is due to kinetic anergy of its 
molecules. 


_ Understand and use the terms work and heat in thermodynamics. 
” Differentiate between isothermal and adiabatic processes, 

Explain the molar specific heats of a gas. 

Apply first law of thermodynamics to derive C, - C, = R. 
10. Explain the second law of thermodynamics and Its meaning in terms of entropy: 
11, Understand the concept of reversible and irreversible processes. 
12. Define the term heat engine. 
13. Understand and describe Carnot theorem. re 
14. Describe the thermodynamic scale of temperature, 
15. Describe the working of petrol and diesel engines. 
16. Explain the term entropy. 

AQ 


17. Explain that change in entropy AS = + a 


Ope 


. 
Ooo 


15. Appreciate environmental crisis as an entropy crisis. 
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BD serrnoaynamis deals with various phenomena of 
energy and related properties of matter, especially the 
transformation of heat into other forms of energy. An example 
of such transformation Is the process converting heat into 
mechanical work. Thermodynamics thus plays central role in 
technology, since almost all the raw energy available for our 
use Is liberated in the form of heat, In this chapter we shall 
study the behaviour of gases and laws of thermodynamics, 
their significance and applications. 


The behavior of gases is well accounted for by the kinetic. 
theory based on microscopic approach. Evidence in favour 
of the theory is exhibited in diffusion of gases and 
Brownian mation of smoke particles etc, 


The following postulates help to formulate a mathematical 
model of gases. 


i. A finite volume of gas consists of very large 
number of molecules. 


ii. The size of the molecules.is much smaller than 
the separation between molecules. 


iii, The gas molecules are in random motion and 
may change their direction of motion after every 
collision. 


iv. Collision between gas molecules themselves 
and with walls of container are assumed to be 
perfectly elastic. 


v. Mélecules do not exert force on each other 
except during a collision, 


Pressure of Gas : 





According to kinetic theory, the pressure exerted by a gas 
is merely the momentum transferred to the walls of the 
container per sacond per unit area due to the continuous 
collisions of molecules of the gas. An expression for the 
pressure exerted by a gas can, therefore, be obtained as 
follows: 
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Leta cubical vessel of side /, contains N molecules, each of 
mass m (Fig.11. 1), The velocity v, of any one of these molecules 
can be resolved into three rectangular COMPONSNtS ¥4..Viy. Miz 
parallel to three co-ordinate axes x, y and z. 


Initial momentum of the molecule striking the face ABCDA 
is then mv, If the collision is assumed perfectly elastic, 
the molecule will rebound from the face ABCDA with the 
same speed. Thus each collision produces a change in 
momentum, which is equal to 


Final momentum - Initial momentum 
or change abieane == Wy - Vy 





‘hier recoll ti eet finleods evels to opposite ‘ace EFGHE 
and collides with It, rebounds and travels back to the face 
ABCDA after covering a distance 2/, The time At between 
two successive collisions with face ABCDA Is 






mal 4 
= =z Pow = 


30 the number of collisions per second that the molecule 
will make with this face is cit 


Thus the rate of change of momentum of the molecule due 


uf 
~ iTV 
uy 


The rate of change of momentum of the molecule is equal 
to the force applied by the wall, According to Newton's 
third law of motion, force F), exerted by the molecule on 
face ABCDA \s equal but opposite, so- 


Fy, = Evid 
: i t 


Similarly the forces due to all other molecules can be 
determined. Thus tie teter. x-direciod. foros Fa due t N 


to collisions with face ABCDA 9 =-2 mv, x he 
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<vi>. Substituting <v;> in parenthesis of pressure 
BapreReran i | 






Sirs preset on i faces eaerticiec yaar? 
axes willbe Pj=p<vj>andP,=p<W> 


As there is no preference to one direction or another and 
molecules are supposed to be moving randomly, the mean 
| square of all the component velocities will be equal. Hence 


<ve >=<ve > acy? > 
and from vector addition <v?> =<vi > +<ui> + <v7 > 
thus, <yi>=3<y'> 





or <ye > = <vie 
putting this value of < v7 > in equation 11.4 
P= = <y?> 


We have considered the pressure on the face 
parpandicutat to x-axis. 


By. Pascal's Law the pressure on the. other sides and 
everywhere inside the vessel will be the same provided the 
gas is of uniform density. So | 


P,=P,= =o <vi> 


Thus in general 


Po pv 


Since density P = me 


P= =n, <> mv = 


where N, is the number of molecules per unit volume. 
Thus, ps: Constant <K.E.>- 
or Px <K.E> 


While deriving the: ‘equation for pressure we hie not 


accounted rotational and vibrational motion of molecules 
exoapt the linear motion, 


Hence pressure exerted by the gas is directly proportional 
to the average translational kinetic energy of the gas 
MpIANGS, 


Interpretation of Temperature 
From experimental data the ideal gas law is deduced to be 





Where nis the number of moles of the gas contained in 
volume V at absolute temperature T and R is. called 
universal gas constant, Its value is 8.314 J mot! K". 


If Na is the: Avogadro number, then the above equation can 
be written as 


es 


RT 


2|2 





where k=R/N« isthe Boltzman constant, It is the .gas 
constantper molecule and has the value = 1.38% 10° JK’. 
Comparing equations 11.5 and 11.7 
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=n U 2 
NkT a eM > 


or Se eres ee (11.8) 


th =~ 2 
or T= constant < K.E. > 
30 Tx <K.E.> 


This relation shows that Absolute temperature of an ideal 
gas is directly proportional to the average translational 
kinetic energy of gas molecules. 


We can, therefore, also say that average translational 
kinetic energy of the gas molecules shows itself 
macroscopically in the form of temperature. 


Derivation of Gas Laws 






(i) Boyle's Law 
From kinetic theory of gases (Eq. 11.5) 
Pv = S N <s my?> 


if we keep the temperature constant, average K.E. i.e., 
< 1/2 ‘> femains constant, so the right hand side of the 
equation is constant. 


Hence _ PV = Constant 

or P x ¢ 

Thus pressure P is inversely proportional to volume V at 
constant temperature of the gas which is Boyle's law. 

(ii) Charles’ Law 

Equation 11.5 can be written as 


2 N 1 x 
PS 


if pressure is kept constant 
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The sum of all forms of molecular energies (kinetic and 
potential) of a substance Is termed as its internal energy. In 
the study of thermodynamics, usually ideal gas is 
considered as a working substance, The molecules of an 
ideal gas are mere mass points which exert no forces on 
one another. So the internal energy of an ideal gas system 
is generally the translational K.E. of its molecules. Since 
the temperature of a system is defined as the average K.E. 
of its molecules, thus for an ideal gas system, the internal 
energy is directly proportional to its temperature. 


When we heat a substance, energy associated with its 
atoms or molecules is increased |.e., heal is converted to 
internal energy. 


it is Important to note that energy can be added to a 
system even though no heat transfer takes place. For 
example, when two objects are rubbed together, their 
internal energy increases because of mechanical work. 
The increase in temperature of the object is an indication 
of increase in the internal energy. Similarly, when an object 
slides over any surface and comes to rest because of 
frictional forces, the mechanical work done on or by the 
system is partially converted into internal energy. 


in thermodynamics, internal anergy is a function of state. 
Consequently, it does not depend on path but depends on 
initial and final states of the system, Considera system which 
undergoes a pressure and volume change from P, and V, to 
P,, and V, respectively, regardless of the process by which 


add 


the system changes from initial fo final state. By experiment it 
has been seen that the change in interna! energy is always 
the same and ts indepandentof paths C, and C2 as shown in, 





Thus internal energy is similar to the gravitational PE, So 
like the potential energy, it is the change in internal energy 
and not its absolute value, which is important. 


We know that both heat and work correspond to transfer of 
energy by some means. The idea was first applied to the 
steam engine where it was natural to pump heat in and 
get work out. Consequently it made a sense to define both 
heat in and work out as positive quantities. Hence work 
done by the system on its environment is considered +ive 
while work done on the system by the environment is taken 
as —ive, If an amount of heat Q enters the system it could 
manifest itself as either an increase in intemal energy or as. 
a resulting quantity of work performed by the systam on 
the surrounding or both. 


We can express the work in terms of directly measurable 
variables. ‘Consider the gas enclosed in the cylinder with 
moveable, frictionless piston of cross-sectional area A (Fig, 
11.3 a). In equilibrium the system occupies volume V, and 
exerts a pressure P on the walls of the cylinder and its 
piston, The force F exerted by the gas on the piston is PA. 


We assume that the gas expands through AV very slowly, 

so that it remains in equilibrium (Fig. 11-3 b), As the piston 
moves up through a small distance Ay, the work (MW) done 
by the gas is 








W = FAy=PAAy 


Since na i AV bier Ashaans 






The work done can also = calculated by area of the 
curve under P-\V graph as shown in Fig. 11.4, 

Knowing the details of the change in intemal energy and 

the mechanical work done, we are in a position to describe 

the general principles which deal with heat energy and its 
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transformation Into mechanical energy. These principles 
are known as laws of thermodynamics. 


|For Your Information | When heat is added to a system there is an increase in the 


internal energy due to the rise in temperature, an increase 

+0 in pressure or change in the state. If at the same time, a 
substance is allowed to do work on its environment by 

Heat expansion, the heat Q required will be the heat necessary 

[eet ——— to change the intemal energy of the substance from U;, in 
the first state to LU; in the second state plus the work W 


o i 


done on the environment. 
— a OF Q=AUtW —vereceme (14.10) 
‘Work 


+w [System | --—— Thus the change in internal energy AU = LU; — U; is defined 

conition Se Oe re ene daa ca te 
the state, the first law of thermodynamics, thus can be 
stated as, 





A bicycle pump provides a good example.When we pump 
on the handie rapidly, it becomes hot due to 
mechanical work done on the gas, raising thereby its internal 
energy. One such simple arrangement is shown inFig.11.5. 
it consists of a bicycle pump with a blocked outiet. A 
en OR Se cian eee 
the air temperature to be monitored. When piston is rapidly 
=a pushed, thermometer shows a temperature fise due to 
—; increase of intemal energy of the air, The push force does 
work on the air, thereby, increasing its internal energy, 

which is shown, by the increase in temperature of the alr. 





Human metabolism also provides an example of energy 
conservation. Human beings and other animals do work 
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when they walk, Bir of Gave Semyrctiecks Work requires: 
energy. Energy is also needed for growth to make new 
calls and to replace old cells that have died. Energy 
transforming processes that occur within an organism are 
named as metabolism. We can apply the first law of 
thermodynamics, 
AU= QO-W 

to an organism of the human body. Work (WW) done’ will 
result in the decrease in internal energy of the body, 
Consequently the body temperature or in other words 
et merenes by the food we eat. 


isothermal Proces 





EG suet sa ar a 
and hence the condition for the application of Boyle's Law 
on the gas is fulfilled. Therefore, when gas expands or 
compresses isothermally, the product of its pressure.and 
volume during the process remains constant. If P,, V; are 
initial pressure and volume where as P;, V2 are pressure 
and volume after the isothermal change takes place 
(Figi1.6-a), then — 


P; Vv) = P3V'z 
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In case of an ideal gas, the PE. associated with its 
molecules is zero, hence, the internal energy of an ideal 
gas depends only on its temperature, which in this case 
remains constant, therefore, AU=0.Hence, the first 
law of thermodynamics reduces to 


O=W 


Thus if gas expands and does external work W/, an amount 
of heat © has to be supplied to the gas in order to produce 
an Isothermal change. Since transfer of heat from one place 
to another requires time, hence, to keep the temperature of 
the gas constant, the expansion or compression must take 
place slowly. The curve representing an |sothermal process 
is called an isotherm (Fig. 11.6a). 






An adiabatic process is the one in which no heat enters or 
leaves the system. Therefore, Q =0 and the first law of 
thermodynamics gives — 

We=-AU 

Thus if the gas expands and does external work, it is done 
at the expense of the internal energy of its molecules and, 
hence, the temperature of the gas falls. Conversely an 
adiabatic compression causes the temperature of the gas to 
rise because of the work done on the gas. 

Adiabatic change occurs when the gas expands or is 
compressed rapidly, particularly when the gas is contained 
in an insulated cylinder. The examples of adiabatic 


processes are 
fi) The rapid escape of air from a burst tyre. 


(li) The rapid expansion and compression of air through 
which @ sound wave is passing, 


(il) Cloud formation in the atmosphere. 
In case of adiabatic changes it has been-seen thal 


PV'= Constant . 
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where, 7 6 the ratio of the molar specific heal of (he gas al 
constant pressure to molar specific heat al constant volume. 
The curve representing an adiabatic process is called an 
adiabat (Fig, 11.6 6). 


One kilogram of differant substances contain different 
number of molecules. Sometimes it is preferred to consider 
a quantity called a mole, since one mole of any substance 
contains the same number of molecules. The molar 
Specific heat of the substance Is defined as the heat 
required to raise the temperature of one mole of the 
substance through 1K. In case of solids and liquids the 
change of volume and hence work done agains! external 
pressure during a change of temperature is negligibly 
small. But same can nol be said about gases which suffer 
variation in pressure as wellas in volume. with the rise in 
temperature. Hence, to study the effect of heating the 
gases, either pressure of volume is kept constant Thus; it 
is customary to define the molar specific heats of a gas in 
two Ways. 


(i) The molar specific heat-at constant volume is the 
amount of heat transfer raquirad to raise the 
temperature of one mole of the gas through 1 K at 
constant volume andJs symbolized by C. 


If 1 mole of an ideal gas Is heated al constant volume 
so that its temperature rises by AT, the heat 
transferred ©. mustbe equalto. O, AT, Because 
AV = 0, no work is done (Fig 11.7. a). Applying first 
law of thermodynamics, ~ 


Q,=AU+ W 
Hence, G AF= aul +0 


ms LeSa ay (ear) 
(ii) The molar spetihc heat at constant pressure is the (3) 
amount of heat transfer: reqiired lo raise the Fig. 11,7 
temperature of one mole of the gas through 7 K at 
constant pressure and itis represented by symbol 

C,. To raise the temperature of 1 mole of the gas 

by AT at constant pressure, the heat transfer ©, 

must be equal to C, AT (Fig 11.7 b), Thus, 





[ Sac, a7 | 
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Grae. ate tecn. (11,12) 






Derivation of C, 
When one mole of a gas is heated at constant pressure, the 
internal energy increases by the same amount as at 
constant volume for the same rise in temperature AT. Thus 
from Eq. 11.11 
AU=C, AT | 

Since the gas expands to keep the pressure constant, so it 
does work W/= P AV, where AV is the increase in volume. 


Substituting the values of heat transfer Q,, intemal energy 
AU and the work done W in Eq.11.10, we get 


CG, AF=C, AT+PAV ......140. (17.13) 
Using equation 11.6 for one mole of an ideal gas, 
PU eR ieee (197.14) 


At constant pressure P, amount of work done by one mole 
of a gas due to expansion AV (Fig. 11.7 b) caused by the 
rise in temperature AT is given by Eq. 11.14 


PAV=RAT 
Substituting for P AV in Eq. 11.13 
Cy AT= Cy AT+R AT 
or c,=C, +R 
or C.-CysR faietiis RAB) 


It is obvious from Eq. 11.15 that C, > C, by an amount 
equal to universal gas constant R. 


A reversible process is one which can be retraced in 
exactly reverse order, without producing any change in the 
surroundings. In the reverse process, the working 
substance passes through the same stages as in the direct 


process but thermal and mechanical effects at each stage 
are exactly reversed. If heat is absorbed in the direct 
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process, it will be given oul in the reverse process and if 
work is done by the substance in the direct process, work 
will be done on the substance in the reverse process. 
Hence, the working substance |s restored to its original 
conditions. 





Ales ough tes actual chonge le Gernciely eeeirnible buliie 
processes of liquefaction and evaporation of a substance, 
performed slowly, are practically reversible. Similarly the 
slow compression of a gas in a cylinder is reversible 
process as the compression mie be changed to 
expansion by slowly decreasing the pressure on the 
piston to reverse the operation. ; 









All changes which occur suddenly or which involve friction 
or dissipation of energy through conduction, convection or 
redalen ave ineverstule An example of highly irreversible 
process is an explosion. 


A heat engine converts some thermal energy to 
mechanical work. Usually the heal comes from the burning 
of a fuel. The earliest heat engine was the steam engine. It 
was developed on the fact that when water is boiled In a 
vessel covered with a lid, the steam inside tries to push the 
lid off showing the ability to do work. This observation 
helped to davelop a steam engine. 
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Basically @ heat engine (Fig. 11.8) consists of hot reservoir 
or source which can supply heat at high temperature and a 
cold reservoir or sink into which heat is rejected at a lower 
lemperature. A working substance is needed which can 
absorb heat ©, fram source, converts some of it into work 
W' by its expansion and rejects the rest heat Q; to the cold 
reservoir or sink, Aheat engine is made cyclic to provide 
a continuous supply of work. 


First law of thermodynamics tells us that heat energy can 
be converted into equivalent amount of work, but it is silent 
about the conditions under which this conversion takes 
place. The second jaw is concemed with the 
circumstances in which heat can be converted into work 
and direction of flow of heat. 


Before initiating the discussion on formal statement of the 
second law of thermodynamics, let us analyze briefly the 
factual operation of an engine. The engine or the system 
represented by the block diagram Fig. 11.8 absarbs a 
quantity of heat Q, from the heat source at temperature T;. 
It does work Wand expels heat Q: to low temperature 
reservoir al temperature 7. As the working substance goes 
through-@ cyclic process, in which the substance eventually 
returns to its initial state, the change in internal anergy is 
zero. Hence from the first law of thermodynamics, net work 
done should be equal to the net heal absorbed. 


We= Oy = Q; 
In practice, the petrol engine of a motor car extracts heat 
from the burning fuel and converts a fraction of this energy 
to mechanical energy or work and expels the rest to 
atmosphere, lt has been observed that petrol engines 


convert roughly 25% and diesel engines 35 to 40% 
available heat energy into work. 


The second law of thermodynamics is a formal statement 
based on these observations. It can be stated ina number of 
different ways. 
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According to Lord Kelvin's statement basad on the working. 
of a heat 5 







This means that a single heat reservoir, no matter how 
much energy it contains, can not be made to perform any 
work. This is (rue for oceans and our atriosphere which. 
contain a large amount of heat energy bul can not be 
converted into useful mechanical work. Asa consequence 
of second taw of thermodynamics, two bodies: at different 
temperatures are essential for the conversion of heat into 


work, Hence for the working of heal engine there must be 


a source of heat at a high temperature and a sink al low 
temperature to which heat may be expelled, The reason for 
our inability to utilize the heat contents of oceans. and 
atmosphere is that there is no reservoir al a temperature 
lower than any one cof the twe. 


Sadi Carnot in 1840 described an ideal engine using only 
isothermal and adiabatic processes, He showed that a 
heat engine operating in an ideal reversible cycle between 
two heat reservoirs at differant temperatures, would be the 
most efficient engine. A Carnot cycle using an ideal gas-as 
the working substance is shawn on PV diagram (Fig. 11.9). 
It consists of following four steps. 


1. The gas is allowed to expand isothermally al 
temperature 7,, absorbing heat @, from the hot 
_ Teservoir, The process is represented by curve AB- 


2, The gas |s then allowed to expand adiabatically until 
its temperature drops ta 7) The process is 
represented by curve BC. Maes pes 


3. The gas at this stage is compressed isothermally at 
temperature T; rejecting heat Q; to the cold reservoir. 
“The process is represented by curve CD. 
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4. Finally the gas is compressed adiabatically to restore 
its initial state at temperature 7;. The process is 
represented by curve DA. 


Thermal and mechanical equilibrium is maintained all the 
time so that each process is perfectly reversible. As the 
working substance returns to the initial state, there is no 
change in its internal energy i.e. AU = 0. 


"The net work done during one cycle equals to the area 
' enclosed by the path ABCDA of the PV diagram. It can 


also be estimated from net heat @ absorbed in one cycle. 
Q=Q,-Q; 
From 1" law of thermodynamics 
QO=al+ W 
W=@,-— OQ; 
The efficiency 7 of the heat engine is defined as 


_ Gutput (Wark) 
Input (Energy) 





om n= O-On 24-2 See RD 


- 


The energy transfer in an isothermal expansion or 
compression turns out to be proportional to Kelvin 
temperature. So Q, and Q» are proportional to Kelvin 
temperatures T, and T2 respectively and hence, 


1= 454 - - Seseseeeae (11.17) 


The efficiency is usually taken in percentage, in that case, 


Thus the efficiency of Carnot engine depends on the 
temperature of hot and cold reservoirs. It is independent of 
the nature of working substance. The larger the 
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temperature difference of two reservoirs, the greater is the 
efficiency, But it can never be one or 100% unless cold 
reservoir is at absolute zero temperature (T; = 0 K). 


_ Such reservoirs are not available and hence the maximum 
efficiency is always less than one. Nevertheless the Carnot 
cycle establishes an upper limit on the efficiency of all heat 
engines. No practical heat engine can be perfectly 
reversible and also energy dissipation is inevitable. This 
fact is stated in Camot's theorem 





No heat engine can be more efficient than a Carnot 





The Camoat's theorem can be extended to state that, 





Inmost practical cases, the cold reservoir is nearly at room 
temperature. So the efficiency can only be increased by . 
raising the temperature of hot reservoir. All real heat 
engines are less efficient than a engine due to metion 
and other heat losses. 


Example 11.4: The turbine in a steam power plant takes 
steam from a boiler at 427°C and exhausts into a low 
temperature reservoirat 77°C. What is the maximum possible 
efficiency’? 


Solution: 


Maximum efficiancy for any engine operating between 
temperatures 7; and Tis 


= Ty oT 

q F 
where T, = 427 + 273 = 700 K 
and Ts= 77 + 273= 350K 
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Generally a lemperalure scale ts established by two fixed 
points using certain physical properties of a material which 
varies linearly with temperature, The Camot cycle provides 
us. tha basis to define. a temperature scale thal. is 
independent of material properties, According to it, the ratio 
@:/Q; dapends only on the temperature of two heat 
reservoirs. The: ratio of the two temperatures T;/T; can be 
found by operating a reversible Gamol cycle between these 
two temperatures and carefully measuring the heal transfers 
Q,-and Q;, The thesnodynamic scale of temperature is 
defined by choosing 273.16 K as the absolute temperature 
of the tiple point of water as one fixed point and absolute 
zero, as the other. The unit of thermodynamic scale |s 
kelvin. 1 K is defined as 1/273.16 of the thermodynamic 
temperature of the triple point of water, It is a state in which 
ice, water and vapour coexists in &quillbrium and it occurs 
uniquely at one particular pressure and temperature. |f heat 
© is absorbed or rejected by tha system at corresponding 
temperature T when the system is taken through a Camot 
eycle and Q, Is the heat absorbed or réjected by the system 
when it Is at the temperature of inple point of water, then 
unknown temperature Tin kelvin is given by 





a! 


T=273.16 tees (14.88) 


Since this scale is independent of the property of the 
working substance, hence, can be applied at very low 
temperature 


Although different engines may differ in their construction 
technology but they’are based on the principle of a Carat 
eycle. A typical four stroke petrol engine (Fig. 11,70 a) also 
undergoes four Successive processes in each cycle. 
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1. The cycle starts on the intake stroke in which piston 
moves outward and petrol air mixture is drawn through 
an Inlet valve into the cylinder from the carburetor at 
atmospheric pressure. 

2. On the compression stroke, the inlet valve is closed and 
the mixture is compressed adiabatically by inward 
movement of the piston, 

3. On the power stroke, @ Spark fires the mixture causing a 
rapid increase in pressure and temperature, The burning 
mixture éxpands adiabatically and forces the piston to 
move outward. TES Coe tren eee DST SD 
crank shaft to drive the flywheels. 


4. On the exhaust stroke, thse: outlet Naive “pane The 
residual gases are expelled and piston moves inward. 


The cycle then begins again. Most motorbikes have one. 
‘cylinder engine but cars usually have four cylinders on the 
same crankshafi (Fig 11.10 b). The cylinders are timed to fire 
tum by turn in succession fora smooth running of the car. The 
actual efficiency of properly tuned engine is usually not more 
than 25% to 30% because of friction and other heat losses. 





No spark plug is needed in the diesel engine (Fig. 11.11). 

Diesel is sprayed into the cylinder at maximum compression. 
Because air is at very high temperature immediately after 
compression, the fuel mixture ignites on contact with the air in 
the cylinder and pushes the piston outward. The efficiency of 
diesel engine is about 35% to 40%. 


The concept of entropy was introduced into the study of 
thermodynamics by Rudolph Clausius in 1856. to give a 
quantitative basis for the second law. It provides another 
variable to describe the state of a system to go. along with 
pressure, volume, temperature and internal energy. If a 
system undergoes a reversible process during which it 
absorbs a quantity of heat AQ at absolute temperature T, 
then the increase in the state variable called entropy S of 
ine aan is given by 








Like potential energy or internal energy, it is the change in 
entropy of the system which (s important. 


Change in entropy is positive when heat is added and 
negative when heat is removed from the system. Suppose, 
an amount of heat Q flows from a reservoir at temperature 
T; through a conducting rod to a reservoir at temperature 
T2 when T, > Ts. The change in entropy of the reservoir, at 

ature T,, which loses heal, decreases by Q/T; and 
of the reservair at temperature TJ), which gains heat, 
increases by Q/Tz. As T; > Tz so O/T; will be greater than 
O/T; |.e. O/Te> O/T. 


Hence, net change in entrapy = 7 positive, 
z t 


it follows that in all natural processes where heat flows 
from one system to another, there is always a net increase 
in entropy. This is another statement of 2" law of 
thermodynamics. According to this law 





It is observed that a natural process tends to proceed 
towards a state of greater disorder. Thus, there is a 
relation between entropy and molecular disorder. For 
example an irreversible heat flow from a hot to a cold 
substance of a system increases disorder because the 
molecules are Initially sorted out in hotter and cooler 
ragions. This order is lost when the system comes to 
thermal equilibrium, Addition of heat to a system increases 
its disorder because of increase in average molecular 
speeds and therefore, the randomness of molecular 
motion. Similarly, free expansion of gas increases its 
disorder because the molecules have greater randomness 
of position after expansion than before. Thus in both 
examples, entropy is said to be increased. 


We can conclude that only those processes are probable 
for which entropy of the system increases or remains 
constant. The process for which entropy remains constant 
is a reversible process; whereas for all irreversible 
processes, entropy of the system increases. 
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Every time entropy increases, the opportunity to convert 
sores heat ino werk ts ket Far cxiavete thats le dries 
in entropy when hot and cold waters are mixed. Then warm 
water which results cannot be separated into a hot layer and 
a cold layer, There has been no loss of energy but some of 
the energy is no longer available for conversion into work. 
Therefore, increase in entropy means degradation of energy 
from a higher level where more work can be extracted to a 
lower level at which less or no useful work can be done. The 
energy in a sense ts degraded, going from more orderly form 
to less orderly form, eventually ending up as thermalenergy, | 


In all real processes where heat transfer occurs, the 
energy available for doing useful work decreases. In other 


words the entropy increases. Even if the temperature of ‘Device 
some system decreases, thereby decreasing the entropy, it Bee 


lsat the expense of net increase in entropy for some other 


system. When all the systems are taken together as the / y oat 


universe, the entropy of the universe always increases, 


11,5: Calculate the. entropy change when bi 





1.0kgice at O'C melts into water at 0°C. Latent heat Stam urbine 


 cpenet ee t= 3.36 ¥ 10° kg’, 
m=1kg 
T= OC= 273 K 
Ly) = 3.36 x 10° J kg! 
~ AQ 
AS > 
where “AQ= mL; 
AS= oe 


Ass 1.00 kg x3.36 x10" Jka’ 
273K 


Thus entropy increas: aX oheuee bine Theron 
entropy in this case isa measure of increase in the disorder of 
water molecules that change from solid to liquid state, 
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The second Jaw of thermodynamics provides us the key for 
both understanding our environmental crisis, and for 
understanding how we must deal with this crisis. 


From a human standpoint the environmental crisis results 
from our attempts to order nature for our comforts 
and greed. From a physical standpoint, however, the 
environmental crisis is an entropy or disorder crisis 
resulting from our futile efforts to ignore the second law of 
thermodynamics. According to which, any increase in the 
order in a system will produce an even greater increase in 
entropy or disorder in the ‘environment. An_ individual 
impact may not have a major consequence but an impact 
of large number of all individuals disorder producing 
activities can affect the overall life support system, 


The energy processes we use are not very efficient. As a 
result most of the energy is lost as heat to the environment. 
Although we can improve the efficiency but 2™ law eventually 
imposes an upper limit on efficiency improvement. Thermal 
pollution is an inevitable consequence of 2” law of 
thermodynamics and the heat is the ultimate death of any 
form of energy. The increase in thermal pollution of the 
environment means increase in the entropy and that causes 
great concem. Even small temperature changes in the 
environment can have significanteffects on metabolic rates in 
plants and animals, This can cause serious disruption of the 
overall ecological balance. 


In addition to thermal pollution, the most energy 
transformation processes such as heat engines used for 
transportation and for power generation cause air pollution. 
In effect, all forms of energy production have some 
undesirable effects and in some cases all problems can 
not be anticipated in advance. 


The imperative from thermodynamics is that whenever you 
do anything, be sure to take into account its present and 
possible future impact on your environment, This is an 
ecological imperative that we must consider now if we are 
to prevent a drastic degradation of life on our beautiful but 
fragile Earth. 
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eG -eTINMC 
‘QUESTIONS ] 





11.3 Asystem undergoes from state P,V; to state P:V2 as shown in Fig 11.12. What 
will be the change in internal energy? 





11.4 Variation of volume by pressure is given in Fig 11.13. A gas is taken along the 
paths ABCDA, ABCA and A to A. What will be the change in internal energy? 





Fig. 14.134a) Fig.11.13(b) Fig.14.13(c) 


11.5 Specific heat of a gas at constant pressure is greater than specific heat at constant 
volume. Why? 


11.6 Give an example of a process in which no heat is transferred to or from the system 
but the temperature of the system changes. 

11.7 |s it possible to convert intemal energy into mechanical energy? Explain with an 

11.8 Isit possible to construct a heat engine that will not expel heat into the atmosphere? 


11.9 A thermos flask containing milk as a system is shaken rapidly. Does the 
temperature of milk nse? 


41.10What happens to the temperatureof the room, when an airconditioner is left runningon 
@ table in the middle of the room? 
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11,11 Gan the mechanical energy be converted completely into heat energy? If so give 
an example. 


11.12Do0es entropy of a system increase or decrease due to friction? 
14,13Give an example of @ natural process that involves_an increase in entropy. 
11.14.An adiabatic change is the one in which 
a, No heat ls added to or taken out of a system 
b. No change of temperature takes place 
c. Boyle's law is applicable 
d. Pressure and volume remains constant 
11.15 Which one of the following process is irreversible? 
a. Slow compressions of an elastic spring 
b. Slow evaporation of a substance in an isolated vessel 
c. Slow compression of a gas 
“dA chemical explosion 
14. 18An ideal reversible heat engine has 
400% efficiency 
Highest efficiency 
An efficiency which depends on the nature of working substance 
None of these 


a9 5 » 





11.1 Estimate the average speed of nitrogen molecules in air under standard conditions 
of pressure and temperature. 
(Ans: 493 ms") 
11.2 Show that ratio of the rool mean square speeds of molecules of two different gases 
at a cerain temperature is equal to the square root of the inverse ratio of their 
masses. 


11.3 A sample of gas is compressed to one half of its initial volume at constant pressure 
of 1.25 x 10° Nm™ During the compression, 100 J of work is done on the gas. 
Determine the final volume of the gas. 


(Ans: 8 x 10% m*) 
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11.4.4 thermodynamic system undergoes a process in which its intemal energy 
decreases by 300 J. If at the same time 120 J of work is done on the system, find 
the heat lost by the system. 


(Ans: - 420 J) 


11.5 Acamot engine utilises an ideal gas. The source temperature is 227°C and the sink 
temperature is 127°C. Find the efficiency of the engine. Also find the heat input from 
the source and heat rejected to the sink when 10000 J of work is done. 


(Ans: 20%, 5.00 x 10°, 4.00 x 10'J} 


11.6 A reversible engine works between two temperatures whose difference is 100°C. If 
it absorbs 746 J of heat from the source and rejects 546 J to the sink, calculate the 
temperature of the source and the sink. 


(Ans: 100°C, 0°C) 


11,7 A machanical engineer develops an engine, working between 327°C and 27°C and 
claims to have an efficiency of 52%. Does he claim correctly? Explain. 


{Ans: No) 


11.8 A heat engine performs 100 J of work and at the same time rejects 400 J of heat 
energy to the cold reservoirs. What is the efficiency of the engine? 


(Ans: 20%) 


11.9.A Carnot engine whose low temperature reservoir is at 7°C has an efficiency of 
50%, It is desired to increase the efficiency to 70%. By how many degrees the 
temperature of the source be increased’? 


(Ans: 373°C) 


11.10 A steam engine has a boiler that operates at 450 K. The heat changes water to 
steam, which drives the piston. The exhaust temperature of the outside air ts about 
300 K. What is maximum efficiency of this steam engine? 


(Ans: 33%) 


11.11 336 J of energy is required to melt 1 9 of ice at 0°C. What is the change in 
entropy of 30 g of water at 0°C as it is changed-to ice at 0°C by a refrigerator? 


(Ans: -36.8. JK”) 
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Metre: The unit of length is named as metre. Before 1960 it was defined as the distance 
between two lines marked en the bar of an alloy of platinum (90%) and indiumy (10%) kept under 
controlled conditions at the International Bureaw of Weights and Measures in France. The 14" 
General Conference on Weights and Measures (1960) redetined the standard metre as follows: 
One metre is a length equal to 1,650,763.73 wave lengths in vacuum of the orange red radiation 
emitted by the Krypton §6-atom. However, in 1983 the metre was redefined to be the distance 
traveled by light In vacuum during a time of 1/299,792,458 second, In effect, this latest definition 
establishes that the speed of light in vacuum Is 299 792,458 ms’. 


Kilogram: The unit of mass is known as kilogram. It is defined as the mass of a platinum (90%) 
and iridium (10%) alloy cylinder, 3.9 cm in diameter and 3.9.cm in height, kept af the Intemational 
Bureau of Weights-and Measures in France, This mass standard was establishedin 1901, 


Second: The-unit of tims is termed as second, Itis defined as 1/86400 part of an average day of the 
year 1900 4.0. The recent time standard is based on the spinning mation of electronsin atoms. This is 

since 1967 when the Intemational Cammittae'on Weights and Measures adopted a new definition of 
soi Making one second equal to the duration in which the outer most electron of the cesium-133 
atom makes 9.192, 631770 vibrations: 


Kelvin: temperature is regarded as a thermodynamic quantity, because its equality 
determines the thermal equilibrium between two systems. The unit of temperature is kelvin. It is 
the fraction 1/273.16 of the thermodynamic temperatura of the triple point of water. It should be 
noted that the triple point of a substance means the lemperature at which solid, liquid and vapour 
phases are in_ equilibrium. The tripie point of water is taken as 273.16 K. This standard was 
adopted in 1967. 


Ampere: The unit of electric current is ampere. It is that constant current which if maintained in 
two straight paraliel conductors of infinite fength, of negligible circular cross-section and placed a 
matre apart in vacuum, would produce between thase conductors force equal tn 2 x 10” newton per 
metre of length. This unit was establishedin 1971, 


Candela: The unit of juminous intensity is candela. It is defined as the luminous intensity in the 
perpendicular direction of a surface of 1/300000 square metre of a black body radiator at the 
solidification temperature of platinum under standard atmospheric pressure, This definition was 
adopted by the 13" General Conference of Weights and measures in 1967. 


Mole: The mote is the amount of substance of a system which contains as many elementary 
entities as there are atoms in 0.012 kg-of carbon 12 (adopted in 1971). When this unit ie. mole is 
used, the elementary entities must be specified; these may be atoms, molecules, ions, electrons, 
other particles or specified groups of such particles. One mole of any substance contains 
6.0225 x 10°" entities. 
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Appendix 
Possible Error in A Compound Quantity — 


If the errors in the quantities x and y are Ax and Ay respectively, the possible sum is then; 





KEAM+ yt Ay 
The maximum possible error is when we have 
xtAx+y+ Ay 
or ¥- Ax + p Ay 
Hence, the quantity can be expressed as x+y (Ax + Ay) 
.e., the errors are added. 


tbe, des 


2 érror in uae 





Hence, os Tee 





(ii) ERROR IN THE COMPOUND QUANTITY z= xy 


lf the errors in the quantities x and y are Ax and Ay respectively, the compound 
quantity could be as large as (x + Ax) (y + Ay) or as small as (x - Ax) (y - Ay). The product is 
thus between about xy + x Ay + yAx +Ax Ay and xy- x Ay - yAx tax Ay Ifwe neglectAx Ay, 
as being small, then the error is between 


MAy+ YAN and =-(x Ay+ yAx) 
or 2 (x Ay + y AX) 
The possible fractional error is thus 
= 2(tayeyan) _ fay Ae 
xy A. x 
which is the sum of possible fractional errors. Since the fractional error is generally 


written as percentage error, hence the possible percentage error is the sum of the 
perceraue errors for the product of the two ener Py lpn 





ie % error in z= % error in x + 
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‘Ue zeand y be the numerical. values of ‘a : ntitie ‘and k be a constant. 


Taking !og of bath sides; 
i had 


hae TE ae fe 
z * ¥ 








Multiply by 100 


Je-GonGm 









TD Wd uncerialy In en average Va Iie obeines fy pling. arene, tte Wet step ito 
draw best straight line through th Tee Ste teias b vanepare YON The best 
straight line passes through as i pissy lotted points as possible or which leaves 
almost an equal distribution of points on e side of the line. The second step is to 
pivot a transparent ruler about the centre of best straight line to draw greatest and least 
possible slopes, if slope of best straight line is m and greatest and least slopes are m, 
SYS (Ege uated RYE Aas Pidhedeenall cee m which ever of these is 


Fig. A241 





greater is the maximum possible uncertainty in the slope, lf the intercept on a particular 
axis is requited, the similar procedure can be followed. 
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A. LINEAR EQUATION 
A linear equation has the general form 
yeax+b (A 3.4). 
Where a and b are constants. This equation is referred to 
as being linear because the graph of » versus x is a 
straight line, as shown in Fig. A3.1. The constant b, called 
the intercept, represents the value of y at which the straight 
line intersects the Y-axis. The constant a is equal to the 
slope of the straight line and is also equal to the tangent of 
the angle that the line makes with the X-axis. If any two 
points on the straight line are specified by the coordinates 
(1, Yi) and (x, $2), as in Fig. A 3.1, then the slope of the 
straight line can be expressed 
ay oe 
Slope a= zt ee (A322) 
ea ocean ‘ 
Note that 4 and b can be either positive or negative. 
B. QUADRATIC EQUATION 
The general form of 4 quadratic equation is 
ax+bx+c=0 - {A3.3) 

where x is unknown quantity and a, b and c are numerical 


faciors referred to as coefficients of the equation. This 
equation has two roots, given by 


2a 


if b* > 4ac, the roots will be real. 


(A384) 


Cc. THE BINOMIAL THEOREM 
n(n in 





0) (esbysarenatn sO D a + gp eA) ott ass) 


‘3x2x1 : 
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(vi) a 
Surfaces area = 4nr 


4 


volume = ae 






Recerinn (6 or sunehiane Ree amas divas ae 
limited to angles in the range (0, 90°]. We extend the 
meaning of these functions to negative or larger angles by 
a circle of unit radius, the unit circle (Fig.A 3.2). The angle is 
always measured with respect to the positive x axis 
counter clockwise positive and clockwise negative. The 

spotenuse of the right angled triangle OAB is the radius 
of the unit circle. Its length is equal to 1, ail he aaeye 
positive. The other two sides are a sign 
according to the usual conventions i.e., positive to the right 


of the x-axis, and so on, With these conventions the 
trigonometric functions in each of the four quadrants have 


the signs listed in Table A 3.3. 


lf exceeds 360°, the whole pattern of signs and values 
repeats itself on the next pass around the circle. Thus, 
sine, cosine, and tangent are periodic functions of an 
angle with period 360°. 
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Adiabatic process 


Angular acceleration 
Angular displacement 


Angular momentum 


Angular velocity 
Antinode 
Artificial gravity 


Average acceleration 


Average velocity 


Base quantities 
Blue shift 


Bulk modulus 
Centre of mass 


Centripetal force 
Cladding 


Compression 
Conservative field 
Constructive 
Crest 


Critical angle 
CRO 





GLOSSARY 


A completely isolated process in which no heat transfer 
can take piace, 


The rate of change of angular velocity with time. 


Angle subtended at the centre of a circle by a particle 
moving along the circumference in a given time. 


The cross product of position vector and linear momentum. 
Angular displacement per second, 
The point of maximum displacement on a stationary wave. 


The gravity like effect produced in orbiting space ship to 
overcome weightlessness. 


Ratio of the change in velocity, that occurs within a time 
interval, to that time interval. 


Average rate at which displacement vector changes with 
time. : 


Certain physical quantities such as length, mass and time, 


The shift of received wavelength from a star into the 
shorter region. 


Ratio of volumetric stress to volumetric strain. 


The point at which all the mass of the body is 
assumed to be concentrated. 


The force needed to move a body around a circular path. 


A layer of lower refractive index (less density) over the 
central core of high refractive index (high density). 


The region of maximum density of a wave, 
The field in which work done along a closed path is zero, 
When two waves meet each other in the same phase. 


‘The central part of optical fibre which has rélatively high 


refractive index (high density). 

The portion of a wave above the mean level. 

The angle of incidence for which the angle of refraction is 90°. 
A device used to display input signal Into waveform. 
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Damping 


Denser medium 
Derived quantities 


Destructive 
interference 


Diffraction 
Dimension 


Displacement 
Doppler shift 
Drag force 
Elastic collision 


Energy 
Entropy 


Escape velocity 


Forced oscillations 
Free oscillations 


Freely falling body 
Fundamental mode 


Geo-stationary 
satellite 


Harmonics 
Heat engine 


ideal fluid 
Impulse 
Inelastic collision 


A process whereby energy |s dissipated from the | 
oscillatory system. 

The medium which has greater density. 

The physical quantities defined in terms of base quantities. 
When two waves overlap each other in opposite phases. 


Bending of light around obstacles. 


One of the basic measurable physical property such as 
length, mass and time. 


The change in the position of a body from its initial position 
to its final position, 


The apparent change in the frequency due to relative 
motion of source and observer, 


A retarding force experienced by an object moving 
through a fluid. 


The. interaction in which both momentum and kinetic 
energy conserve. 


Capacity to do work, 


Measure of increase in disorder of a thermodynamic 
system or degradation of energy. 


The initial velocity of a body to escape from Earth's 
gravitational field. 


The oscillations of a body subjected to an external force. 


Oscillations of a body at its own frequency without the 
interference of an external force. 


A body moving under the action of gravity only. 
Stationary wave setup with minimum frequency, 


The satellite whose orbital motion is synchronized with the 
rotation of the Earth, 


Stationary waves setup with integral multiples of the 
fundamental frequency. 


A device that converts a part of input heat energy into 
mechanical work. 


An incompressible fluid having no viscosity. 
The product of force and time for which it acts on a body. 
The interaction in which kinetic energy does not conserve. 


ae 


, 


¥V"rY F 


¥ 


Instantaneous 


‘acceleration 
Instantaneous velocity 


Internal energy 


Isothermal process 
Kinetic energy 
Laminar flow 


Least distance of 
distinct vision 


Line spectrum 
Longitudinal wave 


Magnification 


Modulus of elasticity 
Molar specific heat at 


constant pressure 


Molar specific heat at 


constant volume 
Moment Arm 


Moment of inertia 
Momentum 
Multi-mode graded 
index fibre 

Node 

Null vector 

Orbital velocity 


Oscillatory motion 
Periodic motion 
Phase 


Acceleration at a particular Instant of time. 


Velocity at a particular instant of time, 

The sum oof all forms of molecular energies in a 
thermodynamic system. 

A process in which Boyle's law is applicable. 

Energy possessed by a body due to its motion, 

Smooth sliding of layers of fluid past each other. 

The minimum distance from the eye at which an object can . 


be seen distinctly, 


Set of discrete wavelengths. 
The wave in which the particles of the medium vibrate 
parallel to the propagation of the wave. 


The ratio of the angle subtended by the image as sean 
through the optical device to that subtended by the object at 
the unaided eye. 

Ratio of stress and the strain, 


Amount of heat needed to change the temperature of one 
mole of a gas through 1K keeping pressure constant. 


Amount of heat needed to change the temperature of one 
mole of a gas through 1K keeping valume constant. 


Perpendicular distance between the axis of rotation and 
lina of action of the force. 


The rotational analogue of mass in linear motion, 
The product'of mass and velocity of an object. 


An optical fibre in which the central core has high refractive 
index which gradually decreases towards its periphery. 


The point of zero displacement. 

A vector of magnitude zero without any specific direction. 
The tangential velocity to put a satellite in orbit around the 
Earth, 

To and fra motion of a body about its mean position. 

The motion which repeats itself after equal intervals of time. 


A quantity which indicates the state and direction of motion 
of a vibrating particle, 
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Pitch 


Plane wavefront 
Polarization 
Position vector 
Potential energy 
Power 
Progressive wave 
Projectile 


Radar speed trap 


Random error 
Range of a projectile 


Rarefaction 
Rarer medium 
Rays 

Red shift 


Resolving power 
Resonance 
Restoring force 


Resultant vector 

Root mean square 
velocity 

Rotational equilibrium 
Scalar quantity 

Scalar product 
Significant figures 


The characteristics of sound by which a shrill sound can be 
distinguished from the grave sound. 


A disturbance lying in a plane surface. 

The orientation of vibration along a particular direction. 

A vector that describes the location of a point. 

Energy possessed by a body due to its position. 

The rate of doing work. 

The wave which transfers energy away from the source. 

An object moving under the action of aravny and moving 
horizontally at the same time. 

An instrument used to detect the speed of moving object 
on the basis of Doppler shiff. 

Error due to fluctuations in the measured quantity. 


The horizontal distance from the point where the projectile 
is launched to the point it returns to its launching height. 


The region of minimum density, 
The medium which has relatively less density, 
Radial lines leaving the point source in all directions. 


The shift in the wavelength of light from a star towards 
longer wavelength region. 


The ability of an instrument to reveal the minor details of 
the object under examination. 


A specific response of vibrating system to a periodic force 
acting with the natural period of the system. 


The force that brings the body back to its equilibrium 
position, 
The sum vector of two or more vectors. 


Square root of the average of the square of © 
molecular velocities. 


A body having zero angular acceleration. 
A physical quantity that has magnitude only. 
The product of two vectors that results into a scalar quantity, 


The measured or calculated digits for a quantity which are 
reasonably reliable, 
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Simple harmonic 
motion 


Slinky spring 


Space time curvature 
Spherical wavefront 


Stationary wave 


System international 


(Sl) 
aati error 


Terminal velocity 


Torque 
Total internal 
reflection 


Trajectory 
Translational 


equilibrium 


Transverse wave 
Trough 
Turbulent flow 
Unit vector 
Vector quantity 
Vector product 
Wavefront 


Wavelength 
Work 


A motion if which acceleration is directly 
proportional to: displacement from mean position 
and is always directed towards the mean position. 


A loose spring which has smail initial length but a relatively 
large extended length, 


Einstein's view of gravitation. 


When the disturbance is propagated in all directions froma 
point source. 


The resultanl wave arising due to the interference of two 


~jdentical but_oppositely directed waves. 


The intemationally agreed system of units used 


almost world over. 
Error due to incomect -design oh calibration of the 
measuring device, 


Maximum constant velocity of an object falling vertically 
downward. 


The turning effect of a forte. 
When the angle of incidence increases by the critical 


angle, then the incident light is reflected back in the same 
‘material. 


The path through space followed by a projectile. 
A body having zero linear acceleration. 


The wave in which the particles of the medium vibrate 
perpendicular to the propagation of wave. 

The lower portion of a wave below the mean level. 
Disorderly and changing flow pattern of fluids. 

A vector of magnitude one used to denote direction. 

A physical quantity that has both magnitude and direction, 
The product of two vectors that results into another vector. - 
A surface passing through all the points undergoing a 
similar disturbance (i.e. having the same phase) at-a 
given instant. 

The distance between two consecutive wavefronts, 

The product of magnitude of force and that of 
displacement in the direction of force. 
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